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Abstract 
Layered igneous intrusions such as the Stillwater Complex in Montana contain 
the most economic concentrations of platinum-group elements (PGE) in the world, yet 
the processes involved in the enrichment of these PGE remain unclear. Some researchers 
propose that the PGE were enriched into sulfide phases through purely magmatic 
processes, while others postulate that late-stage, high-temperature fluids caused 
remobilization of the more soluble elements upwards from the base of the crystal pile. 
Although much work has been carried out on the economic PGE-enriched ore zone (J-M 
reef), the silicate mineralogy and the bulk geochemistry of the Complex, the detailed 
petrographic trends have not been investigated. This dissertation comprises a detailed 
petrographic study into the assemblages associated with sulfide and other trace minerals 
throughout the stratigraphy. 
Sampling was carried out from both surface outcrops and drill cores over four 
consecutive field seasons. Polished thin sections were produced which were then 
examined by petrographic microscope and electron microprobe. In addition, bulk rock 
analysis was carried out by x-ray fluorescence spectrometry (XRF). 
In brief, the sulfide and trace mineral assemblage studies described below reveal 
a number of interesting observations. An upwards trend from pentlandite-rich to 
pyrrhotite-rich to chalcopyrite + pyrite-rich assemblages is observed below the reef, and 
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the same trend occurs above the reef with the transition occurring just below the reef, in 
upper GN-I. Trace element analysis shows that Cu levels are higher above the reef than 
below it, and that although Zn and Cu contents are correlated below the reef, a restricted 
range of Zn contents occurs above the reef, while Cu is highly variable. As all ‘low-
temperature’ assemblages (those associated with extensive silicate alteration or the 
presence of greenschist facies minerals such as chlorite, clinozoisite and epidote) were 
discounted, the majority of sulfide assemblages present were either pristine (multiphase, 
often globular in shape, with no associated silicate alteration) or high-temperature 
(multiphase, with high-temperature minerals such as biotite, hornblende, carbonates, 
etc, and with little associated silicate alteration) in occurrence. Some differences were 
observed between the hanging-wall and footwall rocks, including the presence of native 
copper, sphalerite in a calcite-hornblende vein, and high-temperature carbonates in 
footwall and not hanging-wall rocks. The high-temperature carbonates observed 
comprise dolomite with exsolved patches of calcite. The textural relationships and Fe-
Mn compositions of the Stillwater carbonates are similar to those of mantle carbonates. 
High-temperature desulfidation is also observed both above and below the reef, in the 
form of pyrite being converted to magnetite, and chalcopyrite to a Cu-Fe-oxide 
(delafossite).  Both sets of assemblages are associated with little to no silicate alteration.  
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When taken together, the upwards increase in Cu and S, the variable Cu contents 
above the reef, the native copper, high-temperature carbonates and high-temperature 
sphalerite-bearing veins below the reef, and the evidence for desulfidation are all most 
readily explained by the remobilization of selected phases by a high-temperature fluid. 
This dissertation provides evidence that the fluid present in the latter stages of Stillwater 
formation had a carbonic as well as a Cl-rich component, and would therefore have been 
efficient in PGE remobilization.
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1. Introduction  
1.1 Background 
Most of the global reserves of the platinum group elements (PGE) are found in 
layered intrusions. Layered igneous intrusions are intrusive magmatic bodies that 
display compositional, mineralogical or textural layering. They are commonly composed 
of peridotites, dunite and pyroxenite at the base, and grade upwards into troctolite, 
norite and gabbro, locally including diorite or anorthosite layers. Examples include the 
Munni Munni Complex in Western Australia (2.92 Ga), the Great Dyke in Zimbabwe 
(2.58 Ga), the Bushveld Complex in South Africa (2.0 Ga), the Muskox intrusion in 
Nunavut, Canada (1.2 Ga), the Rhum intrusion in the Scottish Hebrides (60 Ma),and the 
Skaergaard complex in Greenland (55 Ma). The Stillwater Complex is a 2.7 Ga layered 
igneous intrusion situated on the northern edge of the Beartooth Mountains in Montana, 
USA, and will be the focus of the studies in this dissertation. 
These intrusions are of economic importance as they commonly contain a 
number of economic mineral deposits, including ores of Cr, the platinum-group-
elements (PGE: Ir, Os, Ru, Rh, Pt and Pd), Cu, Ni, Ti and V. It is the petrogenesis of the 
PGE deposits that is the broad focus of this dissertation. Platinum-group-element 
deposits, commonly sulfide-associated, are typically found mid-level in the intrusions. 
For example, the S-poor Skaergaard complex hosts a PGE-Au-enriched ore zone known 
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as the platinova reef, in which the PGE are largely hosted in alloys (e.g.Bird et al. (1991)); 
the Munni Munni complex  contains a region of 1-3% PGE- and Au-enriched Cu-sulfides 
(e.g. Barnes et al. (1990)); in the Rhum intrusion in the Scottish Hebrides, platinum-group 
minerals in association with chromite-rich horizons are hosted by Ni-Cu sulfides or 
silicate minerals (e.g. Butcher et al., 1999; Hamilton et al., 1998); and the Bushveld 
Complex contains reserves of PGE hosted by sulphide-bearing zones, chromitites and 
transgressive PGE-enriched dunite pipes (Maier & Barnes, 1999). The Stillwater 
Complex contains a similar economic zone, known as the J-M Reef. This deposit, and the 
origin of its mineralization, is the subject of this dissertation.  
In the Stillwater Complex the PGE are associated with a region of disseminated 
sulfides contained within olivine-bearing zone I (Todd et al., 1982), which occurs several 
hundred meters stratigraphically above appearance of plagioclase as a major rock-
forming mineral. The most prevalent platinum-group elements are Pd and Pt; Ir, Ru, Rh 
and Os are present in smaller concentrations. The ratio of Pd to Pt is 3.3 - 3.5 (Godel & 
Barnes, 2008a; Todd et al., 1982). PGE are mainly found as platinum-group minerals 
(PGM) and Pt-Fe alloys (e.g.Volborth et al. (1986)), although Pd is also a trace component 
of pentlandite (Godel & Barnes, 2008a). The primary PGE-hosting sulfide assemblage is 
chalcopyrite, pentlandite and pyrrhotite (Bow et al., 1982). 
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In the broadest sense, the problem to be addressed by this dissertation is the 
petrogenesis of PGE deposits such as the J-M reef, as the processes involved in PGE-
enrichment are still debated. Models range from those involving purely magmatic 
processes (orthomagmatic models), such as magma-mixing (Li et al., 2001a) or filter 
pressing (von Gruenewaldt, 1979); to hydromagmatic model, which include the 
remobilization of the more soluble elements through the crystal pile by upwards-
percolating fluids (Barnes & Campbell, 1988; Boudreau & McCallum, 1992). The trace 
sulfides found above and below the reef would be expected to differ according to the 
processes that produced the PGE-enrichment in the reef. The orthomagmatic models 
should result in a similar proportion of chalcopyrite in the rocks immediately below the 
reef as in the rocks at the base of the complex. Conversely, the hydromagmatic model 
may result in an upward-enrichment in chalcopyrite and pyrite, caused by the upwards-
mobilization of soluble elements such as copper and sulfur. To date, little work other 
than geochemical analysis has been carried out on the Stillwater rocks outside the mined 
ore zones. This dissertation comprises the first detailed petrographic investigation of 
sulfide and trace mineral assemblages in the footwall and hanging-wall rocks.  
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1.2 The problem: Origin of PGE-S enrichments in layered intrusions 
1.2.1 Orthomagmatic Models 
Orthomagmatic models are those that assume the PGE-rich deposits to be solely 
a product of crystallization and PGE concentration from magma without the influence of 
volatiles.  The traditional "downers" orthomagmatic model for PGE-concentration relies 
on the fractionation of an immiscible sulfide liquid from a sulfur-saturated mafic-
ultramafic magma. The sulfide liquid droplets collect together and sink (hence the 
“downers” model) through the magma until they reach a boundary layer, such as the 
top of the crystal pile, where they accumulate to form a PGE and sulfide-enriched layer. 
Although this model is still commonly applied to Cu-Ni-PGE rich deposits such as those 
at Noril'sk or Sudbury, there are several arguments against its application to relatively 
Cu-Ni-poor PGE deposits such as the Stillwater and Bushveld complexes (Campbell et 
al., 1983). These include the need for very high distribution coefficients for PGE and 
resulting mass balance problems, as the sulfides must equilibrate with a very large 
amount of magma in order to produce the PGE concentrations seen in the J-M reef 
(Campbell et al., 1983), which are about four orders of magnitude more enriched in PGE 
than the rest of the Complex. 
 The ratio of mass of magma to the mass of sulfide liquid in equilibrium with the 
silicate melt is known as the R-Factor (Campbell & Naldrett, 1979). The basic premise is 
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that when the distribution coefficient for an element (e.g. Pt) between a silicate melt and 
a sulfide melt is very high (e.g. DPt = 10 ± 4 × 103; Fleet et al. (1996)), the ratio of silicate to 
sulfide liquid (denoted R) becomes important in calculating the partitioning behavior of 
the element. This relationship is described by the equation: 
Yi = [Xi(0) * Di * (R+1)] / (R+Di) 
where Yi is the concentration of element i in the sulfide liquid; Xi(0) is the initial 
concentration of i in the silicate liquid; Di is the distribution coefficient for i between a 
sulfide liquid and a silicate melt; and R is the ratio of silicate to sulfide liquid.  
1.2.2 Hydromagmatic Models 
Conversely, the hydromagmatic model, as originally proposed by (Ballhaus & 
Stumpfl, 1985) for the Bushveld Complex, suggests that high-temperature fluids 
exsolved from the interstitial liquid at the base of the complex and percolated upwards 
through the crystal pile, collecting volatiles and soluble elements en route. When they 
reached volatile-undersaturated magma, the fluids redissolved causing local enrichment 
of sulfur, base metals and PGE, which separated as a sulfide liquid and crystallized to 
form concentrated sulfide ore reefs.  
Petrologic evidence for the presence of a high-temperature, volatile-rich fluid in 
the latter stages of Stillwater crystallization includes: the sulfide pipes of the Picket Pin 
deposit (Boudreau & McCallum, 1986a); the potholes present in the Bushveld and 
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Stillwater complexes (Ballhaus, 1988; Ballhaus & Stumpfl, 1985; Boudreau, 1992); the 
association of pegmatites with chromitites (Barnes, 1986); fluid inclusion studies (Hanley 
et al., 2008); high-temperature carbonates in association with sulfide assemblages (this 
study); and the Cl/(Cl+F) trends in hydrous minerals (Boudreau & McCallum, 1989; 
Boudreau et al., 1997).  
1.3 Geology of the Stillwater Complex  
1.3.1 Overall geology 
The Stillwater Complex covers an area of 180km2 on the northern edge of the 
Beartooth Mountains in Montana. The magma was emplaced at 2701±8Ma (Sm-Nd, 
DePaolo and Wasserburg (1979); U-Pb, Premo et al. (1990)) into late Archaean 
metasedimentary rocks, including banded iron formations, which contain hypersthene-
cordierite hornfels grade assemblages (Labotka & Kath, 2001). The temperature and 
pressure conditions (825°C and 3-4kbar) obtained from the metasedimentary rocks 
constrains the maximum depth of intrusion to be 6 - 7km (Labotka & Kath, 2001). Today 
the contact between the Stillwater Complex and the metamorphic basement is largely 
faulted, although limited sections of intrusive contact are preserved in the west (Labotka 
& Kath, 2001). The upper portion of the intrusion is truncated by a pre-Middle Cambrian 
unconformity. The complex was intruded by mafic dykes at 2.6, 2.4 and 1.6 Ga 
(Baadsgaard & Mueller, 1973) and by the Mouat quartz monzonite stock 60Ma after 
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crystallization of the Stillwater (Nunes & Tilton, 1971). Regional metamorphism around 
1.7Ga locally produced greenschist assemblages wherever water infiltrated the complex 
(Nunes & Tilton, 1971; Page, 1977), although elsewhere the primary mineralogy is 
preserved(McCallum et al., 1999). Metamorphism was followed by at least two major 
episodes of faulting and tilting, causing the complex to dip steeply towards the north, 
although the layering is believed to have originally formed semi-horizontally. 
 
Figure 1: Simplified geologic map of the Stillwater Complex. 
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Figure 2: Stratigraphic column of the Stillwater Complex. 
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Eleven sulfide-enriched zones have been identified throughout the Stillwater Complex 
(Raedeke & McCallum, 1984). All eleven sulfide zones lie in olivine-bearing units except 
two minor occurrences in N-II and those are associated with minor anorthosites (Todd et 
al., 1982). Previous work has mainly focused on the deposits in the J-M reef and Picket 
Pin ore zones and on the disseminated sulfides that occur in the Peridotite Zone. 
Detailed descriptions of the geology and petrology of the Stillwater Complex 
may be found in (Czamanske & Zientek, 1985; Hess, 1960; McCallum, 1996; McCallum et 
al., 1980). A brief summary of the general geological features is given below, following 
the McCallum et al. (1980) classification scheme for the stratigraphic units. 
1.3.2 The Basal Series 
The Basal Series comprises a series of mafic sills and dykes, which are 
contemporaneous with the main complex (McCallum et al., 1999; Premo et al., 1990) and 
have been suggested to represent the parental Stillwater magma compositions (Helz, 
1995). Dominated by orthopyroxenites and subordinate norites, the Basal Series hosts 
massive accumulations of base metal sulfides, with low PGE contents (McCallum et al., 
1999). Sulfides generally decrease in abundance away from the contact with the 
basement hornfels. Massive and net-textured sulfides are also present in the norite sills 
below the complex and appear to be related to the sulfides of the Basal Series: Pb and S 
isotopes indicates that both sets of sulfides are primarily magmatic in origin but have 
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incorporated components from the underlying metamorphic rocks (McCallum et al., 
1999). Samples from the Basal Series were not collected for the studies reported in this 
dissertation, as the Basal Series is a series of sills and dykes, separate from the main 
intrusion. 
1.3.3 The Ultramafic Series 
The base of the Ultramafic Series (US) is placed at the first significant appearance 
of olivine and its top at the first appearance of plagioclase feldspar phenocrysts. It is 
divided into the Peridotite Zone (PZ) and the Bronzitite Zone (BZ). The majority of the 
Ultramafic Series overlies the Basal Series, although some sections are in direct contact 
with basement rock (Blakely & Zientek, 1985). 
The Peridotite Zone comprises a cyclic sequence of peridotite (olivine ± 
chromite), harzburgite (olivine + orthopyroxene ± chromite), and bronzitite 
(orthopyroxene) which repeats 21 times at Mountain View (Figure 1). Chromitite layers 
within the peridotite were mined in the 1950s to early 1960s as a source of chromium. 
Major chromitite layers are labeled A-K from the lowermost one (Jackson, 1961). Some 
disseminated sulfides are associated with the chromitites of the Peridotite Zone, and 
these show a slight enrichment in PGE relative to the surrounding rocks (Marcantonio et 
al., 1993; McCallum et al., 1999). 
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The Bronzitite zone is an apparently uniform orthopyroxenite with interstitial 
plagioclase and augite, minor chromite and quartz and rare phlogopite, apatite and 
sulfides.  
1.3.4 The Banded Series 
The Banded Series comprises all rocks in which plagioclase is a major mode. The 
Lower Banded Series (LBS) stretches from Norite Zone I (N-I) to Olivine-bearing Zone II 
(OB-II); the Middle Banded Series (MBS) from Anorthosite Zone I (AN-I) to Anorthosite 
Zone II (AN-II); and the Upper Banded Series (UBS) from Olivine-bearing Zone V (OB-
V) to Gabbronorite Zone III (GN-III). In Norite Zone I orthopyroxene and plagioclase are 
the principal modes, with minor clinopyroxene and accessory sulfides, apatite and 
quartz. The lower contact of Gabbronorite Zone I (GN-I) is placed at the first appearance 
of clinopyroxene (augite) as a major mineral. The upper portion of GN-I comprises a 
complex region with modal layering of norite, gabbronorite and anorthosite. 
Pegmatoids, which are common throughout the Ultramafic Series and along the 
Ultramafic-Banded contact, are rare in N-I and GN-I but become prevalent again in 
upper GN-I and lower OB-I, coincident with the local layer deformation (Boudreau, 
1999). 
Olivine-bearing Zone I (OB-I) has a lower contact at the first reappearance of 
olivine as a major phase in the lower banded series. This unit contains the J-M Reef, 
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which is the sulfide-rich layer hosting the majority of the platinum group element (PGE) 
mineralization. OB-I is composed of a melanocratic lower portion and a relatively 
leucocratic upper portion. The lower part comprises coarse-crystalline troctolite and 
subordinate dunite, which typically have a pegmatoidal texture. These are interlayered 
with minor anorthosites, norites and gabbronorites, one to a few meters in thickness 
(McCallum et al., 1980). Mineralization is concentrated within the pegmatoidal 
peridotitic region (Volborth et al., 1986). Boudreau (1988) noted an increase in 
pegmatoidal textures and hydrous minerals in this region of OB-I relative to the footwall 
and hanging-wall rocks. In contrast, the upper portion of OB-I comprises medium-
crystalline anorthosites and anorthositic troctolites which display a notable absence of 
pegmatoidal textures and high-temperature veins (Boudreau, 1999). 
The J-M reef is a stratiform zone of 0.5 – 3% disseminated PGE-rich sulfides 
(Barnes & Naldrett, 1985; McCallum et al., 1980; Todd et al., 1982). Although traceable 
along the ~48km strike of the complex at about 400m above the base of the Banded 
Series, the reef package is somewhat discontinuous, pinching and swelling from almost 
absent to ‘ballroom’ structures up to 15m in thickness (Boudreau, 1988; Hanley et al., 
2008; Li & Ripley, 2006; Zientek et al., 2002). The reef package is a zone of about 1-3m 
thickness which is PGE-enriched and comprises dunites, troctolites, anorthosites and 
norites of pegmatoidal texture. A three-dimensional visualization of the Pt-
 13 
 
mineralization in the J-M reef by (Raedeke & Vian, 1986) revealed four layers of PGE-
enrichment stacked on top of one another. Ore grades average 18ppm Pt+Pd for a 1-3m 
layer extending the length of the complex.  
Norite Zone II (N-II) is a uniform norite body which grades into Gabbronorite 
Zone II (GN-II) when clinopyroxene becomes a major phase as opposed to a minor one. 
GN-II contains thin layers of anorthosite and sulfides in its lowermost regions and 
includes many different types of igneous layering.  
The Middle Banded Series is bounded by two thick (>500m, McCallum et al. 
(1980)) anorthosite units (AN-I and AN-II), sandwiching Olivine-bearing Zones III and 
IV (OB-III and OB-IV). Both OB-zones contain laterally impersistent (over more than a 
few hundred meters), conformable concentrations of disseminated sulfides (McCallum 
et al., 1980; McCallum et al., 1999). Both OB-zones also show modal grading, from 
anorthosites and anorthositic troctolites at their bases and olivine-gabbros and 
gabbronorites nearer to their tops (Meurer et al., 1999).  
Anorthosite Zone II (AN-II) is the thickest anorthosite unit in the Stillwater 
complex, and is overlain by the troctolitic and anorthositic rocks of Olivine-bearing Zone 
V (OB-V) (McCallum et al., 1980). The majority of AN-II is coarse-crystalline plagioclase 
with ~15% interstitial minerals and a massive to weakly laminated texture, but the 
uppermost 5m comprises medium-crystalline anorthosite with <5% minor minerals. The 
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Picket Pin deposit occurs immediately below this medium-grained region, comprising a 
laterally extensive zone accumulations of PGE-rich disseminated sulfides (Boudreau & 
McCallum, 1986a).  
The Upper Banded Series comprises Gabbronorite Zone III (GN-III), a thick 
sequence of uniform, laminated gabbronorite (McCallum, 1996). The top of this unit is 
truncated by a pre-Middle Cambrian unconformity. 
1.3.5 Bulk geochemical work on the Stillwater Complex 
Keays et al. (2012) analyzed the bulk rock geochemistry of unmineralised samples 
throughout the Stillwater Complex, obtaining stratigraphic trends for various elements. 
In general, background levels of Pt (range: 5 – 22ppb; average: 10ppb) and Pd (range: 2 – 
11ppb; average: 7ppb) are found in peridotites (100-200ppm S), orthopyroxenites, norites 
and gabbronorites (all of which have <100ppm S) below the J-M reef. Ni peaks in the 
peridotite zone and decreases upwards, mimicking the Mg# trend, whereas Cu generally 
follows S, but values of Cu have only half the range of those of S. There is a coincidence 
of the Pd and MgO peaks in OB-I.  
 The sulfur content of the rocks increases above the J-M reef, reaching a peak of 
`350ppm at the top of the middle banded series. General sulfur abundances above the 
reef (0.03 – 0.04 wt %) are less than the concentrations commonly cited for S-saturated 
basaltic magmas (0.05 – 0.15 wt%) (Todd et al., 1982). The Cu peak above the J-M reef is 
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much broader than that of S, and occurs 200m higher. Concentrations of Pt and Pd are 
initially high immediately above the J-M reef but decrease over the same interval, which 
is also shown by the decrease in Pt/Cu and Pd/Cu from mineralized to barren rock 
upsection (Zientek & Ripley, 1990). Keays et al. (2012) note that there is a correlation of 
PGE not just with olivine-bearing zones, but specifically with the olivine-rich intervals 
within these zones. 
In terms of trace elements, (Lechler et al., 2002) found that rocks at and below the 
J-M reef have elevated contents of Cl, F, Br, NH4 and NO3 relative to hanging-wall rocks. 
Godel and Barnes (2008) also investigated selenium contents and postulate that the S/Se 
ratio of the reef (1400-2300) suggests the removal of S during alteration. 
1.3.6 Fluid inclusions in the Stillwater Complex 
Fluid inclusion studies in the Ultramafic and Lower Banded Series were carried 
out by Hanley et al., (2008; 2005a). They found the coexistence of immiscible brine and 
CO2 phases (CO2 and minor CH4), along with the accidental entrapment of calcite 
crystals, showing that calcite was present as a solid at the time of the fluid entrapment. 
The brine contained Na, K, Ca, Mn, Fe, and Zn with trace concentrations of Cu, Pb, Ni, 
Sn, Ba, Al, Mg, Cs, Rb and Sr, and five percent of the brine inclusions contained 0.4 – 
4ppm Pt+Pd. Entrapment occurred around 700°C, which suggests that at higher 
temperatures the fluids may have carried even higher concentrations of PGE. 
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1.3.7 Summary of existing work 
In summary, previous work in the Stillwater Complex has focused on the silicate 
and sulfide mineralogy of the J-M reef and on the silicate mineralogy and bulk 
geochemistry of the rocks outside the ore-zone. As existing data shows (Keays et al., 
2012) that present-day S contents are too low to allow for sulfide saturation of the 
magma chamber, this thesis presents a detailed analysis of the sulfide assemblages 
found in both the footwall and hanging wall rocks in an attempt to elucidate the 
processes involved in PGE-enrichment in the Stillwater Complex. 
1.4 Models for Stillwater formation 
1.4.1 Orthomagmatic models 
The Stillwater Complex presents a mass balance problem, in that the J-M reef 
(averaging 18 - 400ppm PGE) is enriched by about 3 - 4 orders of magnitude relative to 
the footwall and hangingwall rocks (which average ~10 – 40ppb PGE). For example, if 
the J-M reef contained 10ppm PGE and the original magma contained 10ppb PGE then 
the production of 1m of ore would require stripping all the PGE from 1km of magma. 
For an orthomagmatic model, this would require very high partition coefficients for PGE 
between sulfide liquid and silicate melt and a high R-factor, to allow the sulfide liquid to 
equilibrate with a large volume of silicate magma. 
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1.4.1.1 Magma mixing 
The problems of mass balance and of the high Nernst distribution coefficients 
required in modeling the concentration of PGE by sulfides in the Bushveld and 
Stillwater Complexes prompted (Campbell et al., 1983) to propose a magma mixing 
model. Magma mixing models envision the turbulent injection of new pulses of magma 
into the existing magma chamber. Depending on its density relative to the host magma, 
the new magma would plume downwards or jet upwards to find a level of neutral 
buoyancy, where it would spread out as a continuous layer of hybrid magma (Campbell 
et al., 1983). Hoatson and Keays (1989) cite the partially mixed pockets of mafic and 
ultramafic magmas which host the J-M reef as evidence for mixing of two magma types 
to produce the ore zone. As the magma mixing process was believed to trigger sulfide 
saturation, any resultant sulfide blebs would be exposed to, and interact with, a very 
large amount of silicate magma and thus concentrate a large amount of PGE (due to a 
high R factor: (Barnes & Naldrett, 1985; Campbell & Naldrett, 1979)). Although an influx 
of primitive magma into a chamber of fractionating magma was initially believed to 
promote sulfide liquid immiscibility (e.g. (Campbell & Murck, 1993; Naldrett & von 
Gruenewaldt, 1989)), modeling by (Li et al., 2001b) and Cawthorn (2002) suggest that this 
would in fact not be the case, and that such a hybrid melt would actually be capable of 
dissolving more sulfide than it would contain. 
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Zientek et al. (1990) suggest that while the separation from the magma of the 
PGE-enriched reef sulfides was triggered through magma mixing, sulfides in the 
"barren" region below the reef resulted from a combination of other processes: sulfide 
inclusions in silicate minerals formed when sulfide melt produced through magma 
mixing was rapidly entrapped by silicates, reducing its interaction with PGE in the 
magma; conversely, interstitial sulfides below the reef formed by the postcumulus 
unmixing of sulfide melt from interstitial liquid, which contained little PGE with which 
the sulfides could equilibrate (Zientek et al., 1990).   
Based upon thermodynamic calculations, Li et al. (2001b) postulate that magma 
mixing occurred in the Bushveld Complex between a magma chamber of a fractionated, 
S-undersaturated magma and an injected pulse of primitive magma, with PGE being 
contributed from both sources. This model explains the formation of a sulfide-enriched 
reef through a high R factor, and the sulfide-undersaturation of the remainder of the 
magma.  
1.4.1.2 Double diffusive magma mixing 
The observation that two apparently different crystallization sequences are 
present in the Stillwater Complex (olivine-bronzite-plagioclase-augite in the Ultramafic 
and Lower Banded Series; and plagioclase-olivine-augite-bronzite in the Middle Banded 
Series) prompted Irvine et al. (1983) to propose a double diffusive magma mixing model 
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for the J-M reef, in which whole sequences of layered cumulates may form concurrently, 
with the different liquid layers being separated by diffusive interfaces. One of two types 
of diffusion may occur across each interface, depending on the relative temperatures 
and densities of the two liquids. ‘Diffusive' interfaces occur when  a hot liquid underlies 
a cooler but less dense liquid of a different composition, and in this case thermal and 
chemical changes may only occur through diffusion. ‘Finger' interfaces occur when a hot 
liquid floats on a cooler liquid of the same composition, and in this case the diffusive 
thermal and chemical exchanges tend to also cause mechanical mixing. Todd et al. (1982) 
suggested that the Stillwater Complex is the product of two parent liquids. The 
ultramafic (U-type) parent liquid is responsible for the ultramafic series, N-I, GN-I, N-II 
and GN-II, and shows a crystallization sequence of olivine, bronzite, plagioclase and 
augite. The anorthositic (A-type) parent liquid is responsible for the anorthosite layers 
and OB-II, OB-III and OB-IV. This liquid shows a crystallization sequence of plagioclase, 
olivine, augite and bronzite (Todd et al., 1982). The J-M reef is interpreted to be due to 
the mixing and concurrent crystallization of these two liquids, which would not have 
immediately caused sulfur saturation, but would have lowered crystallization 
temperatures, bringing the hybrid liquid to sulfur saturation by the time they were 
crystallizing the J-M reef package (Irvine et al., 1983). This model does not appear to 
satisfactorily explain the PGE-enrichment of the ore zone, it proposes sulfur saturation 
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to be a local process, affecting only the immediate layers, so the R factor would be very 
low. 
The compositions of the proposed parent magmas were further investigated 
following Todd et al. (1982), and it has been suggested that the Stillwater Complex 
formed from the intrusion of a siliceous high-magnesian basalt (SHMB), which formed 
the ultramafic, lower and upper banded series (Sun et al., 1989), and a tholeiitic magma 
which formed the middle banded series (McCallum, 1996). It is as yet unclear whether 
the SHMB magma was analogous to modern-day boninites or was a crustally 
contaminated komatiite but in either case, the magma would have been strongly S-
undersaturated (Keays et al., 2012).  
A similar double diffusive magma mixing model was proposed by Campbell and 
Murck (1993) to explain the chromitite layering in the peridotite zone of the Stillwater 
complex. From experimental studies, they infer that new pulses of primitive magma 
fountained into the Stillwater magma chamber, causing magma mixing. The resulting 
hybrid melt then collected at the bottom of the chamber in a zoned layer that eventually 
formed double diffusive convecting layers, crystallizing to form the repeating sequences 
of dunite with chromitite layers, harzburgite, and orthopyroxenite that characterize the 
Peridotite Zone. 
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1.4.1.3 Filter pressing 
The observation that there is a progressive enrichment up-section in the 
Bushveld Complex with regard to PGE and Cu caused Vermaak (1976) to propose that 
the lithophobic elements became concentrated in interstitial liquids, and that these were 
subsequently removed from the crystal pile through filter pressing (Vermaak, 1976; von 
Gruenewaldt, 1979). High Cu/Ni ratios ought to be observed in the reef, since Ni should 
enter pyroxene during fractionation, but the Ni/Cu ratios of the Stillwater Complex are 
consistent with those predicted by Rajamani and Naldrett (1978) for sulfides in 
equilibrium with gabbroic magma (Barnes & Naldrett, 1985).  It also does not explain the 
distribution of pegmatites, which are common below, but not above the ore zone 
(Campbell et al., 1983).  
1.4.1.4 Alternative models 
Determination of the stratigraphic element trends prompted Keays et al. (2012) to 
propose a model in which a PGE-undepleted magma was intruded and fractionated 
while still in a state of S-undersaturation. A portion of this magma was simultaneously 
injected into a sub-chamber where it could react with S-rich country rocks and form 
sulfides. The sulfides were then redissolved into a smaller volume of magma and 
emplaced into the main magma chamber, causing formation of the J-M reef (Keays et al., 
2012). This hypothesis is supported by the correlation of PGE peaks not only with the 
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olivine-bearing zones, but specifically with the olivine-rich layers in those zones and by 
the coincidence of Pd peaks with MgO peaks within olivine-bearing zone I. Keays et al. 
(2012) assert that these correlations are best explained through the introduction of a new 
pulse of sulfide-saturated primitive magma. They do, however, acknowledge that 
Meurer et al. (1997) postulate the compositional trends of olivine-bearing zone I could be 
due to concordant metasomatic replacement, although this may be difficult to recognize.  
The observations that the base metal sulfides (and especially pentlandite) are the 
primary hosts for PGE-mineralization in the Stillwater Complex; the variation of the S/Se 
ratio; and the correlation of Pd contents with the presence of secondary magnetite led 
Godel and Barnes (2008a) to propose that an immiscible sulfide liquid exsolved from the 
host magma, reacted with large quantities of magma and collected PGE. It then 
percolated down through the crystal mush until it came to a lower porosity level, where 
it became trapped. Instability within the magma chamber during cooling caused partial 
desulfurization of the sulfides, and late stage fluids locally introduced Pd and converted 
some of the sulfides to magnetite. This provides a mechanism by which the 
desulfurization and the conversion of sulfides to magnetite need not necessarily be 
related. 
While many of the previously described models fail to explain features such as 
the pegmatoidal textures, high-temperature carbonates, fluid inclusions, and Cl-rich 
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apatites found below the reef, Barnes and Campbell (1988) proposed that the J-M reef 
and the Merensky reef formed as the product of (unspecified) purely magmatic 
processes which have been overprinted by features formed by late magmatic fluids. 
They note that both the J-M and Merensky reefs contain pegmatoidal rocks which 
contain volatile-rich minerals such as apatite and micas and that the sulfides are often 
concentrated in these zones. However, both reefs are located in orthocumulate rock 
layers, surrounded by meso- to adcumulate layers. As the solidus temperature lowers 
with increasing proportions of interstitial liquid, these layers may still have been 
partially molten when the surrounding rocks had fully solidified. They could thus have 
acted as sinks for any late stage magmatic volatile fluids percolating upwards through 
cracks in the underlying layers, and the addition of volatiles would have furthered 
lowered the solidus, causing extensive recrystallization of the already crystallized 
minerals and locally producing pegmatoidal textures. The addition of volatiles would 
also increase the local Cl-content, promote formation of hydrous minerals and cause 
local remobilization of sulfides. 
1.4.1.5 Effects of orthomagmatic models on trace assemblages 
There is one common feature of all the orthomagmatic models discussed above: 
sulfide minerals are the vehicle for PGE-concentration, and sulfide saturation is not 
envisioned to occur until the level of the reef. The footwall rocks formed when the 
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magma chamber was sulfide-undersaturated, whereas the hanging-wall rocks evolved 
under sulfide-saturated conditions. Any sulfide minerals present below the reef are 
therefore due to the evolution of the interstitial liquid to a point of local sulfide 
saturation. The sulfide-undersaturated nature of the system below the ore-zone would 
cause silicate-incompatible elements (e.g. S, Cu, PGE) to remain in the evolving magma 
chamber liquid rather than being incorporated into the crystallizing silicate minerals. 
Thus, although incompatible elements like Cu and S will increase during fractional 
crystaollization, the proportion of Cu/S ratio should remain relatively constant 
throughout the region below the reef, such that the proportion of chalcopyrite as a 
fraction of the total sulfide should remain constant. In contrast, pentlandite would be 
expected to decrease upwards, as Ni is compatible with olivine, which is most prevalent 
in the ultramafic series. The crystallization of olivine decreases the concentration of Ni in 
the remaining melt so the proportion of pentlandite crystallizing from the interstitial 
liquid decreases upwards. As the proportion of chalcopyrite remains the same, the 
proportion of pyrrhotite increases upwards to account for the decrease in pentlandite. 
Above the reef, chalcopyrite proportions would be initially high as Cu preferentially 
entered the sulfide liquid, but would decrease chalcopyrite crystallized, depleting the 
remaining melt in copper. Pentlandite would be expected to remain very low, unless a 
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new influx of magma introduced more Ni to the system. Pyrrhotite would therefore be 
the primary sulfide mineral occurring above the reef. 
1.4.2 Hydromagmatic Models 
The finding of a major occurrence of graphite in association with sulfides, 
arsenides and PGE-mineralization in a pegmatoid pyroxenite in the Bronzitite Zone of 
the Stillwater Complex (the Janet-50 deposit) prompted Ballhaus and Stumpfl (1985) and 
Volborth and Housley (1984)to propose the presence of a C-O-H-S volatile fluid at a late 
stage in Stillwater-formation. Analysis of hydrous accessory minerals throughout the 
stratigraphy and the discovery of their anomalously Cl-rich compositions below both 
the J-M reef and the analogous Merensky reef in the Bushveld Complex led Boudreau et 
al. (1986) to the conclusion that this volatile-rich fluid was Cl-enriched and magmatically 
derived, and to postulate that the volatiles may have been involved in the formation of 
the stratabound PGE-rich J-M reef. The presence of pegmatoidal structures below the 
reef and of anorthositic regions surrounding layered and podiform segregations of 
olivine-rich rocks, in combination with the chlorapatites present below the ore zone 
drew Boudreau (1988) to propose the basis for the hydromagmatic model still under 
discussion today.  
More specifically, as outlined by Boudreau (1999), volatile-rich fluids would 
exsolve from the interstitial liquid as the lower portions of the crystal pile solidified, and 
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begin to move upwards. When the upwards-percolating volatile fluid reached a 
stratigraphically-higher volatile-undersaturated region of the crystal pile, it would 
dissolve into the interstitial liquid and potentially cause localized incongruent melting of 
silicate minerals. Addition of the volatile fluid could also have allowed the precipitation 
of sulfide minerals through the local supersaturation of sulfur in the interstitial liquid 
(Boudreau, 1999). Eventually this stratigraphically higher region of the mush zone 
would reach volatile saturation itself, and volatiles would again exsolve and could 
(partially) redissolve any sulfides already crystallized in the locale. The volatile fluid 
would therefore percolate upwards in stages, but the increase over time in the volume of 
volatiles available for degassing would cause an increasingly thicker portion of the 
crystal pile to be fluid-saturated. As sulfur is believed to have been an important 
component of the fluid, significant loss of sulfur and resorption of sulfides would have 
been expected during the degassing process (Boudreau, 1999), and the more soluble 
elements such as Cu and PGE would be expected to be carried upwards in the fluid.  
When the fluid-saturated zone reached the top of the crystal pile, volatiles would 
have been continuously added to the base of the body of volatile-undersaturated 
magma, causing localized hydration of the magma, addition of sulfur leading to local 
sulfide-saturation and the inhibition of crystal nucleation. The addition of volatiles to the 
upper region of the mush zone could also have promoted localized incongruent melting 
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of the unconsolidated crystal pile. Volatile-induced hydration of partially crystalline 
gabbronorite would favor crystallization of olivine, initially producing olivine-rich 
layers (Boudreau, 1999). Mixing of the plagioclase-enriched, slightly hydrated remnant 
liquid with the drier, overlying magma would then produce the thin anorthositic layers 
associated with OB-I. Continued introduction of volatile-rich fluids from the underlying 
layers would induce partial melting of the pyroxene-rich layers, causing the formation 
of olivine crystals and producing troctolites. In this way the mixed rock types present in 
OB-I could be produced without the injection of a different composition of magma to the 
system. The incongruent melting is supported by the lack of offset in plagioclase content 
between GN-I and N-II (Keays et al., 2012), which suggests OB-I did not form by the 
influx of a new pulse of magma, as this would be expected to alter the composition of 
the crystallizing plagioclase.  
It has been suggested that the footwall to the J-M reef could not have supplied 
the PGE found in the reef based on estimates of bulk rock compositions that assume the 
footwall PGE was entirely determined by a minor trapped liquid fraction, can could not 
have been much more than a few ppb Pt + Pd.  However, Boudreau and McCallum 
(1992) and Kanitpanyacharoen and Boudreau (2012) (in the case of the Bushveld 
Complex) both note that the PGE budget is much higher than these calculated 
abundances, in some cases exceeding the estimates from the parent magma. Their 
 28 
 
calculations show that if the footwall was the source of the PGE in the J-M reef, the 
footwall would need to have had only 43% more Pd and 19% more Pt than is currently 
observed.  
Boudreau and McCallum (1989) argue that elements such as Pt and Pd are 
readily transported as Cl-complexes, so the Cl-rich volatile fluid present in the Stillwater 
Complex would easily have been capable of collecting these elements from throughout 
the lower Stillwater Complex and concentrating them in a layer such as the J-M reef. 
They also note that the region below the J-M reef is strongly depleted in both Pt and Pd 
relative to the other PGE, as would be expected if remobilization had occurred, as the 
PPGE are more soluble in volatile fluids than are the IPGE.  
Barnes and Campbell (1988) opined that since most ultramafic-mafic magmas are 
relatively dry, with low concentrations of H2O, the volatile fluid released through 
degassing would have contained too little sulfur to produce the sulfides seen in the ore 
zone. However, Boudreau (1988) infers from the proportion of hydrous minerals found 
below the J-M reef that the magma was not as dry as had previously been assumed and 
that indeed it may have contained a few percent H2O, thus the volatile fluid would have 
readily been able to transport large amounts of sulfur, base metals and PGE (e.g. Blaine 
et al. (2005); Blaine et al. (2011)). The process of zone refining would also increase the 
concentration of volatiles upsection, as water from low in the crystal pile was added to 
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that at high levels. Other cited problems with the hydromagmatic model include the 
production of the different rock types that host the J-M reef and the presence of 
ultramafic xenoliths at the base of OB-I, but these have been explained by Boudreau 
(1999) through the hydration and subsequent partial melting of the partially crystalline 
gabbronorite rocks overlying gabbronorite zone I.  
Platinum group elements are believed to partition strongly into sulfide phases in 
the mantle, so are only released into a primitive magma when partial melting progresses 
to a point at which sulfides are also being incorporated into the silicate liquid. Using this 
same logic, Keays et al. (2012) suggest that it is therefore unlikely that a sulfur-
undersaturated volatile-rich fluid will be able to mobilize and transport PGE, as sulfides 
are today present below the reef and these should have retained any PGE present in the 
magma. However, the fluid inclusion analyses of Hanley et al. (2005a) show that the late-
stage fluids in the Stillwater Complex contained concentrations of 0.4 to 4ppm Pt and Pd 
with Pd/Pt ratios between ~1 and ~2, so fluids are evidently capable of PGE-
remobilization. The platiniferous, rootless, hortonolite replacement pipes of the 
Bushveld Complex are also evidence that the PGE can be mobilized by volatile fluids 
(e.g., Schiffries (1982)). This is unsurprising since the experimental research of Blaine 
(2010); (2005; 2011) demonstrates that Cl-rich carbonic fluids have partitioning 
coefficients of >1000 for PGE, showing that they are similar to sulfide liquids in terms of 
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PGE-transport efficiency. The sulfides present today below the reef may have been 
isolated from the volatile-rich fluids in some way or may only have been partially 
resorbed during vapor-refining. Upwards towards the reef, the fluids may have become 
more channelized, leaving behind the micropegmatite pipes commonly observed in GN-
I, and thus not have had contact with all sulfides in this region. 
1.4.2.1 Effects of the hydromagmatic model on trace assemblages 
The hydromagmatic model envisions the upwards-mobilization of the more 
soluble elements, such as copper, sulfur and Pd-group PGE (relative to the Ir-group 
PGE), by a volatile-rich fluid which exsolved from the evolving interstitial liquid. The 
proportion of pentlandite would be predicted to decrease upwards, due to the 
crystallization of olivine in the lower portion of the complex, which would deplete the 
remaining melt with respect to Ni. The proportion of chalcopyrite would be expected to 
increase upwards due to the remobilization of Cu and S, and the presence of pyrite 
would be predicted immediately below and within the ore-zone.  
The vapor-refining effect would also cause the total sulfide to increase upwards 
towards the reef. Above the reef, the cycle should start again, with Cu and S (and this 
chalcopyrite and pyrite) in low proportions immediately above the reef and increasing 
upwards. Boudreau (2004a) likewise suggests that the laurite and other low-solubility Ir-
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group PGE (IPGE)-rich phases present in the chromitites of the PZ are the result of Pd-
group PGE (PPGE) loss.  
1.4.3 Formation of magmatic sulfides 
Although the processes involved in triggering sulfide saturation in the Stillwater 
Complex are debated, the subsequent crystallization of the sulfide melt is envisioned to 
be the same for both the orthomagmatic and the hydromagmatic models. 
Magmatic sulfides crystallize from an immiscible sulfide liquid that unmixes 
from the silicate melt once it reaches sulfide saturation. Immiscibility of a sulfide liquid 
is promoted by an increase in O2 fugacity or S2 fugacity, by a decrease in FeO content of 
the magma, by a decrease in temperature or by an increase in pressure (Naldrett, 2004). 
Felsification of mafic magma through interaction with country rocks may also promote 
sulfide immiscibility (Irvine, 1975). 
Li et al. (2001b) reasoned that sulfur solubility in a fractionating silicate melt is 
solely a function of FeO and temperature, if the pressure, the activity coefficient of FeO 
and the ratio of. fS2/fO2 are assumed to be constant over the range of interest. They used 
the MELTS thermodynamic model (Ghiorso & Sack, 1995) to calculate the changes in 
composition and temperature of the residual liquid during fractionation of a high MgO 
basaltic magma. They then combined the results with recent experimental data to 
calculate the change in S content at sulfide saturation (SCSS) at each stage. 
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Figure 3: Plot of S solubility at sulfide saturation in relation to the Stillwater Complex (after Li et al 
(2001b)). 
Figure 3 shows their findings as a function of dissolved S (ppm) in the melt and Zr 
(ppm) as an indicator of degree of fractionation. As shown in the figure, the SCSS 
decreases with increasing fractionation of a silicate magma. Thus, a greater proportion 
of S would be required to induce sulfide saturation in the Peridotite Zone (>1600ppm) 
than in the Lower Banded Series (>900ppm) 
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The first phase to crystallize from a sulfide melt, between ~1180 – 940˚C, is a 
monosulfide solution (mss): this is a Fe-Ni-rich sulfide phase that evolves into 
pyrrhotite, pyrite and pentlandite at lower temperatures (Dare et al., 2012; Naldrett, 
1969; Naldrett, 2004; Naldrett et al., 1967; Prichard et al., 2004). The partition coefficient 
for Ni between mss and sulfide liquid is slightly below 1 but Ni becomes more 
compatible with mss at lower temperatures under S-oversaturated conditions (Barnes et 
al., 2001; Dare et al., 2012; Li et al., 1996). Experimental evidence shows that pentlandite 
may coexist at ~800°C with both mss and sulfide liquid, so larger pentlandite grains 
likely represent primary phases (Sugaki & Kitakaze, 1998). Any oxygen present in the 
sulfide liquid is incorporated into magnetite at high temperatures (Larocque et al., 2000; 
Naldrett, 2004; Prichard et al., 2004). Prichard et al. (2004) suggest that the magnetite 
which forms from the sulfide liquid is Ti-rich. Larocque et al. (2000) state that magnetite 
forming from the sulfide melt by S-loss and oxidation is distinct from the titaniferous 
magnetite that crystallizes directly from the silicate melt.  
Intermediate solid solution (iss), which is Cu-rich, crystallizes between 950 and 
900˚C (Dare et al., 2012; Fleet & Pan, 1994) from sulfide liquid and exsolves chalcopyrite 
and pyrrhotite at lower temperatures. Below 600-500˚C the bulk of the Cu has exsolved 
as chalcopyrite which does not subsequently react with the rest of the ore assemblage to 
any major extent (Naldrett, 2004). The upper stability of pentlandite in the Fe-Ni-S 
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system is 865˚C, but pyrite forms before pentlandite (around 600˚C) in systems whose 
compositions fall at the S-rich end of mss. Only at 300-200˚C does mss break down, 
allowing pentlandite and pyrite to be in equilibrium with one another and with 
chalcopyrite.  
An immiscible sulfide melt can crystallize to produce a final assemblage 
comprising pyrrhotite + pentlandite + chalcopyrite ± pyrite ± magnetite (depending on 
the S content of the sulfide melt and on whether O had time to diffuse to the edges of the 
sulfide melt and escape into the silicate melt before crystallization).  The actual sulfide 
present at each layer will depend on the concentration of Cu, Ni and S in the magma, as 
well as the silicate minerals that are forming at the particular stratigraphic level. 
Magnetite is also present in quenched mid-ocean ridge basalt (MORB) sulfide 
globules, but analogous occurrences are not reported in the Stillwater Complex. 
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2. Summary of methodology and findings 
2.1 Analysis 
Over the course of four field seasons, over 160 samples were collected from both 
surface outcrops and mining drill cores. Care was taken to select only the samples with 
the least alteration, in order to study the primary features of the rocks. A total of 128 
polished thin sections were examined during the two studies. As listed in Appendix A, 
these included: 8 samples from the East Boulder Mine (from 75W, 7900W, 6700W, 62W); 
29 drill core samples from the Stillwater Mine (from cores 35936, 12172, 12258, 12264 and 
32143); and 91 surface samples collected from Mountain View, Contact Mountain, 
Chrome Mountain, Iron Mountain and West Fork area (see Figure 1).  
The samples were processed into polished thin sections and were analyzed for 
detailed petrography using both the petrographic microscope and the Duke Cameca 
CAMEBAX electron microprobe. The general mineralogy and textures observed in each 
sample were first noted, and then a manual scan was undertaken under reflected light in 
order to identify each sulfide occurrence within the thin section. The texture, associated 
mineralogy and occurrence of each sulfide was described and it was photographed at 
appropriate magnifications, under transmitted (both crossed and plane polarized) and 
reflected light. The location of each sulfide occurrence was then marked on a scan of the 
thin section, producing a map of the slide for ease of microprobe navigation. The energy 
 36 
 
dispersive spectrometry (EDS) capabilities of the electron microprobe were then used to 
produce a composition map of each sulfide occurrence within the slide. Spectra were 
utilized to identify any phases of interest, or phases of ambiguous composition. The 
drafting freeware ImageJ (Godel & Barnes, 2008b) was then used to measure the surface 
area of each sulfide mineral within the EDS composition map of each sulfide occurrence. 
These were tallied and the total was calculated as a percentage of total slide surface area 
to give an estimate of abundance of each sulfide mineral for each sample. 
In addition, whole rock analysis was also carried out for 23 samples using the 
Rigaku Supermini wavelength-dispersive XRF spectrometer at the University of North 
Carolina in Chapel Hill. Fusion discs were produced following the procedure of 
Pelikanova (1985) in the hopes of determining the S contents of the samples, but too little 
S was present for accurate determination by this method. Fusion discs were therefore 
primarily used for major element analysis. Pressed powder pellets were prepared by 
mixing powdered sample with paraffin at a ratio of 10:1, homogenized using a ball mill, 
and pressed into pellets using a Carver 25-ton press. Standards included: W-1, BHVO 
and DNC-1 for trace element analyses; and MAG-1, 1633a, MRG-1, W-2 and STM-1 for 
major element analyses.  
During the detailed examination of composition maps of sample S10-142 from 
the Peridotite Zone, it was noted that some sulfide assemblages were in intimate 
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association with carbonate minerals of patchy composition. A high resolution image 
revealed the exsolution of calcite from dolomite, and this phenomenon was then 
discovered elsewhere in the Ultramafic and Lower Banded Series below the J-M reef. In 
addition to the analyses and data processing implemented for the sulfides project, the 
wavelength dispersive (WDS) spectrometry capabilities of the electron microprobe were 
also employed to determine the compositions of the carbonate minerals and their host 
pyroxenes.  The Cameca CAMEBAX at Duke University was used for these analyses 
with the following WDS conditions: for the carbonate analyses an accelerating voltage of 
15kV was used, with a beam current of 10nA and counting time of 30 seconds for Mg 
and Ca and a beam current of 30nA and counting time of 45 seconds for Sr, Mn, Fe and 
Ce; for the pyroxene analyses an accelerating voltage of 15kV, a beam current of 20nA 
and a counting time of 30 seconds were used.  Standards included Calcite USNM136321 
and Dolomite USNM10057 from the Smithsonian Museum (Jarosewich & MacIntyre, 
1983).  
2.2 High-temperature carbonates in the Stillwater Complex 
High temperature carbonate minerals have been observed in association with 
sulfide minerals below the platiniferous Johns-Manville (J-M) Reef of the Stillwater 
Complex in a stratigraphic section that has been previously shown to be characterized 
by unusually Cl-rich apatite. The carbonate assemblage consists of dolomite with 
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exsolved calcite in contact with sulfide minerals: chalcopyrite and pyrrhotite in the 
Peridotite Zone; and pyrrhotite with pentlandite, pyrite and chalcopyrite in 
Gabbronorite Zone I of the Lower Banded Series.  A reaction rim surrounds the 
carbonate-sulfide assemblages, showing an alteration of the host orthopyroxene to a 
more calcium-enriched, Fe-depleted pyroxene. The calcite-dolomite geothermometer 
yields a minimum formation temperature as high as 950°C for the unmixed 
assemblages.  Iron and manganese concentrations exceed the range seen in carbonatite 
and mantle xenolith carbonates and are distinctly different from the nearly pure end-
member carbonates associated with greenschist-grade (and lower) assemblages  (e.g., 
carbonate veins in serpentinite) that occur locally throughout the complex. 
 The association of high-temperature carbonates with sulfides beneath the J-M 
reef supports the hydromagmatic theory which involves a late-stage chloride-carbonate 
fluid percolating upwards, dissolving PGE and sulfides and redepositing them at a 
higher stratigraphic level. Characterization of the processes which form strategically 
important metal deposits, such as the J-M reef of the Stillwater Complex and the 
analogous Merensky reef of the Bushveld Complex in South Africa, could potentially 
lead to better exploration models and, more broadly, a deeper understanding of the 
cooling and compositional evolution of large bodies of ultramafic and mafic magma and 
of carbonatites, on both a local and a regional scale. 
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2.3 Sulfides in the Stillwater Complex 
Since PGE in the Stillwater Complex are associated with base metal sulfides, we 
have characterized the sulfide assemblages of samples collected in the “sulfur-poor” 
regions above and below the J-M reef in an attempt to elucidate the mechanisms 
involved in the formation of the ore-zone. 
In Gabbronorite Zone I (GN-I), below the J-M reef, sulfide assemblages often 
consist of large (~200μm) multiphase sulfides comprising pentlandite, pyrrhotite, 
chalcopyrite and pyrite with minor primary magnetite, calcite and quartz. When hosted 
by orthopyroxene these assemblages are commonly rimmed by Ca-rich pyroxene. Some 
sulfides below the ore-zone are in intimate association with high-temperature 
carbonates composed of calcite exsolved from dolomite. Hydrous minerals such as 
biotite and apatite are also commonly found in association with sulfide assemblages 
below the reef.Sulfide assemblages in the Bronzitite Zone (BZ) commonly resemble 
those in GN-I, but may also be smaller (<50μm) multiphase blebs comprising pyrrhotite, 
pentlandite and magnetite, such as are found in the Peridotite Zone (PZ). Sulfides in the 
BZ are hosted by orthopyroxene, often rimmed by Ca-rich pyroxene, while sulfides in 
the PZ may be hosted by orthopyroxene or olivine, sometimes with associated chromite. 
Conversely, fresh assemblages above the J-M reef (GN-II) commonly consist of 
monophase pyrite which has been partially altered to magnetite, either from the outside 
 40 
 
inwards, or along cracks within the sulfide crystal. These sulfides are hosted by 
plagioclase and occasional clinopyroxene, which are completely free of any silicate 
alteration. Similar alteration of chalcopyrite to Cu-Fe-oxide is also found within the 
same samples, but these assemblages are accompanied by localized alteration of the host 
plagioclase to chlorite and minor quartz.  
Two broad cycles of sulfide assemblages are defined, showing an upwards trend 
from pentlandite-rich to pyrrhotite-rich to pyrite and chalcopyrite-rich. The upper 
portion of Gabbronorite Zone I shows a transition from pyrite and chalcopyrite-
dominated to a pentlandite-rich assemblage, and the sequence begins again. Trace 
element analysis reveals that higher levels of Cu are found above the reef than below. 
Although Zn and Cu are correlated below the ore zone, a restricted range of Zn contents 
are found above the reef, while Cu is highly variable. This could be explained by 
partitioning between a coexisting vapor and brine phase.  
The broadly cyclical distribution of sulfides in the Stillwater Complex, when 
coupled with the geochemical data and the carbonate-bearing assemblages below the 
reef, appears to support the hydromagmatic theory in which the ore elements of the 
PGE-enriched J-M Reef were transported upwards from the foot wall and redeposited. 
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3. High temperature carbonate minerals in the Stillwater Complex, 
Montana, USA 
A number of studies over the past three decades have investigated the 
mobilization of platinum-group-element (PGE) by high-temperature (>600˚C) fluids 
using experimental methods (Ballhaus et al., 1994; Blaine et al., 2011; Fleet & Wu, 1993; 
Fleet & Wu, 1995; Hanley et al., 2005b; Simon & Pettke, 2009 ). This research is pertinent 
to the ongoing debate over the mode of formation of the major PGE deposits hosted by 
the Stillwater Complex (the J-M Reef) and the Bushveld Complex (the UG-2 and the 
Merensky reef). One group of researchers states that a combination of magma mixing 
and contamination produced the deposits (e.g., (Barnes & Campbell, 1988; Keays et al., 
2012; Naldrett, 2004), while another group holds that sulfur, base metals and PGE were 
scavenged by an upward-percolating fluid moving through the crystal pile and were 
redeposited at a higher stratigraphic level (e.g. (Ballhaus & Stumpfl, 1985; Ballhaus & 
Stumpfl, 1986; Boudreau, 1988; Boudreau & McCallum, 1992; Meurer et al., 1999; Stumpfl 
& Tarkian, 1976 ). 
Although the J-M Reef of the Stillwater Complex has been well-researched, little 
work has been carried out on the sulfide assemblages of sulfur-poor rocks outside the J-
M reef (e.g., Page et al. (1985)), so the detailed petrography of the hanging-wall and 
footwall rocks remains largely undocumented. There is, however, much evidence for the 
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presence of high temperature (igneous) fluids in the Stillwater Complex, including 
pegmatite pipes (e.g. Braun et al. (1994)), high temperature fluid inclusions (Hanley et al., 
2008) and the Cl-rich nature of the hydrous minerals (e.g. Boudreau and McCallum 
(1989)). If the sulfur and ore metals were remobilized by a high-temperature, Cl-rich 
fluid during formation, there should be both petrographic and compositional evidence 
present in the rocks, and there should be a difference in the textures of the accessory 
minerals between the footwall and the hanging-wall rocks.  
This paper is the initial portion of a larger study aiming to tie the petrographic 
features of the rocks both above and below the reef to their bulk geochemistry.  It 
presents evidence for high temperature carbonate minerals in the Stillwater Complex 
and discusses their implications for degassing of the crystal pile and for the transport of 
PGE and the formation of the J-M Reef.  
3.1 General geology and previous work 
The Stillwater Complex is a layered igneous intrusion, 2.7 Ga in age (DePaolo & 
Wasserburg, 1979), located in south-central Montana. It is composed of three main 
sections (Figure 2): a Basal sill and dike complex which potentially represents the 
compositions of the parent magmas (Helz, 1995); an Ultramafic Series which consists of 
a Peridotite Zone of interlayered dunite, harzburgite, orthopyroxenite and chromitite 
overlain by a massive Bronzitite Zone; and a Banded Series which comprises a series of 
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layers of norites, gabbronorites, anorthosites and troctolites. The Banded Series has been 
divided into three subsections, namely the Lower, Middle and Upper Banded Zones, 
and these have been further subdivided into layers on the basis of mineralogy, for 
example: Norite Zone I, Gabbronorite Zone III, etc (McCallum et al., 1980; Raedeke & 
McCallum, 1984). 
The J-M Reef is a zone of PGE and sulfide mineralization located in Olivine-
Bearing Zone I (OB-I) which comprises troctolites, anorthosites and lesser amounts of 
norite, gabbronorite and orthopyroxenite. The reef is characterized by a few percent of 
disseminated PGE-bearing sulfides (Todd et al., 1982).  Models for its formation range 
from strictly magmatic (e.g. Keays et al. (2012)) to hydromagmatic (e.g. (Boudreau, 1999; 
Boudreau & McCallum, 1992)). 
The ‘footwall’ discussed in the remainder of the paper refers to Gabbronorite 
Zone I (GN-I) and all the zones situated stratigraphically below GN-I; the ‘hanging-wall’ 
refers to Norite Zone II (N-II) and all the zones situated stratigraphically above N-II. 
3.1.1 Carbonates in the Stillwater Complex 
Carbon in the form of graphite has been observed in the Stillwater Complex by 
Mathez et al. (1989), and by (Volborth & Housley, 1984).  They infer that graphite 
initially precipitated from high-temperature fluids, but has since been partially 
converted to carbonates during alteration.  
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Figure 4: Stratigraphy of the Stillwater Complex, showing occurrences of sulfide pods (S), chromitite 
bands (A-K), the J-M Reef (labeled) and the Cl/(Cl+F) ratio of apatite. Also shown are occurrences of high 
temperature (black stars) and low temperature (white stars) carbonates. Note that only low temperature 
occurrences are present above the reef, where both high and low temperature carbonates are present 
below the reef. Samples 32143-49 and 32143-106 are from drill core. All other samples were gathered at 
surface outcrops. After Boudreau and McCallum (1992). 
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 Carbonates of a relatively high temperature origin have previously been 
observed as interstitial to coarse silicate crystals in the Stillwater Norite Zone I 
granophyre (Wall, 2009).  Carbonates were also observed both as solid inclusions in 
quartz and as accidentally trapped crystals in the fluid inclusion studies of Hanley et al. 
(2008). The calcite did not dissolve when heated to trapping temperatures, which was 
interpreted to mean that carbonate was a saturated phase in the fluid at the time of fluid 
entrapment. This is in conflict with prior observations of graphite in the Stillwater 
Complex (Mathez et al., 1989; Volborth & Housley, 1984) as it suggests that the fluid was 
already oxidized at the time of its migration through the crystal pile. 
Evidence of high-temperature carbonates have also been observed in other 
layered igneous intrusions, notably in the Bushveld Complex. Calcite observed in 
textural equilibrium with a magnetite-pyrrhotite-plagioclase-pyroxene assemblage in 
the Lower Critical Zone was inferred to be the result of interaction with a high-
temperature fluid (Kanitpanyacharoen & Boudreau, 2012).  
There are also localized occurrences of lower-temperature carbonates present in 
the Stillwater Complex (Li & Ripley, 2006). Li et al. (2004) investigated the analogous 
replacement of sulfides by calcite and other minerals during localized greenschist-grade 
alteration in the Bushveld Complex. They suggest that this replacement reaction is the 
result of interaction of the sulfides with a magmatic or crustal aqueous hydrothermal 
 46 
 
fluid (<350˚C) which oxidized magmatic graphite present in the rocks and precipitated 
carbonate.  
Assemblages in which calcite is in association with greenschist minerals (such as 
those of Li et al. (2004)) are common and thus unremarkable. As described in the 
following pages, they are clearly distinguishable from the high temperature carbonate 
assemblages that are the focus of this study. 
3.2 Methods 
3.2.1 Sampling 
This study is part of a larger project to examine the trace mineral petrography of 
the barren rocks in the hanging-wall and footwall of the J-M Reef. Over 150 samples 
were collected from different stratigraphic levels within the Stillwater Complex, 
including reef-level rocks as well as the footwall and hanging-wall. In general, only 
well-preserved rocks without visible alteration in hand sample were sampled in an 
attempt to observe the primary, high-temperature, textural and mineralogical features of 
the rocks. Greenschist-grade alteration would have the potential to overprint the 
primary igneous-associated and near-solidus assemblages that are the focus of this 
study. Of the 150 samples, carbonates that are not associated with obvious alteration 
were observed in the following lithologies: sulfide-associated carbonates from 
Gabbronorite Zone I and the Peridotite Zone; granophyre-hosted carbonates from Norite 
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Zone I; vein carbonates from the Peridotite Zone, the Bronzitite Zone, Gabbronorite 
Zone I and Olivine Bearing Zone I. Examples are described below. In addition, a few 
samples in which carbonate minerals are part of the localized alteration assemblage 
were analyzed for comparison. 
3.2.2 Analysis methods 
Polished thin sections of these samples were analyzed with a petrographic 
microscope under transmitted and reflected light and with an electron microprobe using 
both energy dispersive (EDS) and wavelength dispersive (WDS) spectrometry. The 
Cameca CAMEBAX at Duke University was used for these analyses with the following 
WDS conditions: for the carbonate analyses an accelerating voltage of 15kV was used, 
with a beam current of 10nA and counting time of 30 seconds for Mg and Ca and a beam 
current of 30nA and counting time of 45 seconds for Sr, Mn, Fe and Ce; for the pyroxene 
analyses an accelerating voltage of 15kV, a beam current of 20nA and a counting time of 
30 seconds were used.  Standards included Calcite USNM136321 and Dolomite 
USNM10057 from the Smithsonian Museum (Jarosewich & MacIntyre, 1983). 
3.3 Results 
3.3.1 Petrography of carbonate-containing assemblages 
Carbonate minerals, namely calcite (CaCO3), dolomite (CaMg(CO3)2) and minor 
ankerite (CaFe(CO3)2) have been observed in many assemblages throughout the 
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Stillwater Complex. These carbonate occurrences can be split into three broad categories 
based on their textural and mineral associations: igneous assemblages; greenschist-
assemblage-free veins, and veins with greenschist and lower grade alteration 
assemblages. 
3.3.1.1 Igneous assemblages 
A very distinctive assemblage of carbonate minerals in intimate association with sulfides 
was observed in a range of footwall rocks including samples from GN-I, N-I, and both 
the Bronzitite and Peridotite Zones of the Ultramafic Series. These carbonate 
assemblages comprise dolomite with exsolved calcite and are not associated with 
greenschist-facies silicate alteration minerals. Instead, the primary orthopyroxene 
crystals commonly show a Ca-rich pyroxene rim around the carbonate-sulfide 
assemblage. Two examples of carbonate-sulfide assemblages are discussed below. 
Sample S10-142 (Figure 5) is a granular harzburgite from the Peridotite Zone 
close to the G-Chromitite and is composed of euhedral orthopyroxene and subhedral 
olivine with ~5% interstitial plagioclase. (The term “granular” is used to distinguish 
harzburgite layers composed of granular olivine and orthopyroxene crystals from those 
layers composed of olivine and poikilitic orthopyroxene.)  No biotite is present in this 
sample. Some exsolution of clinopyroxene is observed at the boundaries of  
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Figure 5: High-temperature carbonate occurrences. a. Microprobe composition map of sample S10-142 
(Peridotite Zone) b. Photomicrograph of sample S10-142 in plane-polarized transmitted light. c. 
Photomicrograph of sample S10-142 in cross-polarized transmitted light. d. Microprobe composition map 
of sample 32143-49 (Gabbronorite Zone I) e. Photomicrograph of sample 32143-49 in plane-polarized 
transmitted light. f. Photomicrograph of sample 32143-49 in cross-polarized transmitted light. 
Abbreviations: Opx orthopyroxene; Cpx clinopyroxene; Dol dolomite; Cal calcite; Ccp chalcopyrite; Po 
pyrrhotite; Qz quartz; Pl plagioclase feldspar. 
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orthopyroxene crystals. The sample shows no greenschist alteration. As seen in Figure 
5a, the carbonate-bearing assemblage comprises dolomite and exsolved calcite 
intermingled with and surrounding a pyrrhotite and chalcopyrite core, all of which are 
rimmed by Ca-rich pyroxene replacing orthopyroxene.  The patchy exsolution of the 
calcite from the dolomite is similar to that observed in metamorphic carbonates (e.g. 
compare Figure 5a of this paper with figure 5 of Mizuochi et al. (2010)). 
Photomicrographs of the assemblage under both plane-polarized and cross-polarized 
light (Figure 5b and 5c) show the unaltered nature of the host orthopyroxene and the 
higher birefringent calcic rim. 
Sample 32143-49 (Figure 5d) is a gabbronorite from near the top of Gabbronorite 
Zone I and is comprised of subhedral to euhedral orthopyroxene (~40%), subhedral 
plagioclase (~50%) and minor clinopyroxene (~10%). Although the sample shows minor 
alteration along fractures under the microscope, no pervasive greenschist alteration is 
present. The carbonate-bearing assemblage comprises pyrrhotite, pentlandite, pyrite and 
native copper in association with carbonates (dolomite with patchy exsolved calcite) and 
quartz. As seen in Figure 5d, the carbonate-sulfide assemblage shows a clean, unaltered 
boundary with the host plagioclase but a fingered boundary with the host 
orthopyroxene, which displays a similar rim of altered pyroxene to that seen in sample 
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S10-142. These features may also be observed in photomicrographs of the assemblage 
under both plane-polarized and cross-polarized light (Figure 5e and 5f). 
Calcite has also been observed in the granophyre component (sample ST05-13A) 
of a pegmatite vein in Norite Zone I, close to its contact with the Ultramafic Series (Wall, 
2009; Wall et al., 2010). The granophyre comprises coarse, anhedral quartz with 
undulatory extinction and coarse subhedral K-feldspar crystals with tiny inclusions of 
euhedral calcite and white mica. 
3.3.1.2 Carbonate in greenschist-assemblage-free veins 
Some of the carbonate-bearing veins observed in the Stillwater Complex are 
associated with hydrous, late- magmatic minerals, such as biotite and hornblende, and 
display no greenschist-facies alteration. 
Sample 32143-106 (Figure 6a), located in Gabbronorite Zone I, contains a vein 
comprising hornblende and calcite and containing a sphalerite crystal. The vein 
crosscuts a feldspar crystal which shows no silicate alteration. As seen in Figure 6a, there 
are thin rims of quartz along the boundary between the plagioclase and the vein 
minerals. This sample comprises interlocking subhedral plagioclase, clinopyroxene and 
orthopyroxene and shows no evidence of greenschist alteration. Sphalerite is noted by 
Conn (1979) to occur as a minor mineral in assemblages of the Stillwater Complex, 
including the Peridotite Zone at Iron Mountain and in the J-M reef. 
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Figure 6: Carbonate vein occurrences. a. Microprobe composition map of sample 32143-106 (Gabbronorite 
Zone I). B. Photomicrograph of sample S11-023(Peridotite Zone) in plane-polarized transmitted light. c. 
Photomicrograph of sample S11-003B (Olivine-Bearing Zone I) in plane-polarized transmitted light. d. 
Photomicrograph of sample S11-040B (Norite Zone I) in plane-polarized transmitted light. 
Abbreviations: Cal calcite; Qz quartz; Pl plagioclase feldspar; Sp sphalerite; Hbl hornblende; Chr 
chromite; Ol olivine; Dol dolomite; Bt biotite; Srp serpentine.  
Sample S11-023 (Figure 6b) shows a vein of dolomite crosscutting the G-
Chromitite layer from the Peridotite Zone. This sample comprises chromitite containing 
unaltered interstitial olivine and biotite crystals and veins of euhedral, prismatic 
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dolomite, which are clearly distinguishable in the plane-polarized light 
photomicrograph of Figure 6b. 
3.3.1.3 Carbonates in greenschist and lower grade assemblages 
Other carbonate-bearing assemblages are typical of a low-temperature origin.  
These carbonates are commonly associated with greenschist-facies and lower grade 
minerals such as chlorite and clinozoisite and occur where there is localized degradation 
of the surrounding silicates (e.g. saussuritization of plagioclase or serpentinization of 
olivine). The carbonates in these occurrences are usually pure calcite in composition and 
are either encrusting in habit or comprise disseminated blebs throughout the (primarily) 
clinozoisite assemblage. These assemblages are similar to those described by Li et al. 
(2004). 
Sample S11-003B (Figure 6c) illustrates a vein of euhedral calcite crystals cutting 
serpentinized dunite from Olivine-Bearing Zone I. The fibrous, radiating pattern of the 
calcite crystals within the vein (visible in plane-polarized light in Figure 6c) is associated 
with extensive alteration of the igneous silicate assemblage. 
Sample S11-040B (Figure 6d) is an altered norite from Norite Zone I which 
contains a small calcite-bearing shear zone.  
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  Sample S11-042, from the Bronzitite Zone, comprises altered orthopyroxenite 
crosscut by small fractures which are infilled with magnesian calcite. The carbonates are 
fine-grained and encrusting in nature, with a reniform morphology. 
3.3.2 Carbonate microprobe results 
Carbonates from all samples were analyzed for Mg, Ca, Fe, Mn, Sr and Ce. The 
Sr and Ce contents were at or below detection limits for all samples. Typical analyses are 
displayed in Table 1 (complete tables of all carbonate analyses are in Appendix C).  
 Carbonate composition for the three carbonate associations described above are 
shown plotted on a calcite (CaCO3), dolomite (CaMg(CO3)2) and ankerite (CaFe(CO3)2)  
ternary diagram (Figure 7). The isotherms of Figure 7 are extrapolated from those in the 
thermodynamically calculated figures 12, 13 and 14 of Anovitz and Essene (1987) and 
the calcite-dolomite geothermometer of figure 3 from that study. 
The bottom diagram of Figure 7 shows data from the literature: mantle calcite 
and dolomite data (Frezzotti et al., 2002; Ionov et al., 1996 ; McInnes & Cameron, 1994; 
Schiano et al., 1994 ; Yaxley et al., 1998); carbonatitic dolomite data (Bizzarro et al., 2003; 
Rosatelli et al., 2000; Treiman & Essene, 1984); carbonatitic calcite data (Bizzarro et al., 
2003; Haynes et al., 2003; Rosatelli et al., 2000; Treiman & Essene, 1984; Zaitsev & 
Polezhaeva, 1994); marble calcite data (Kretz, 1979; Wong, 1971); and marble dolomite 
data (Kretz, 1979). Much of the literature data lies on the calcite-dolomite tie line, but  
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Table 1: Selected representative carbonate microprobe analyses 
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Figure 7: Carbonate ternary diagrams (after Anovitz and Essene (1987) displaying the composition of 
carbonate occurrences from both the Stillwater Complex and the literature. The triangle in the upper 
right of the figure clarifies the compositional range of the ternary diagrams. The bottom plot shows 
literature data; the middle plot shows Stillwater vein data; and the upper plot shows Stillwater high-
temperature carbonate (sulfide-associated and granophyre) data. The literature data comes from Bizzarro 
et al. (2003); Frezzotti et al. (2002); Haynes et al. (2003); Ionov et al. (1996 ); Kretz (1979); McInnes and 
Cameron (1994); Rosatelli et al. (2000); Schiano et al. (1994 ); Treiman and Essene (1984); Wong (1971); 
Yaxley et al. (1998); Zaitsev and Polezhaeva (1994). High-temperature carbonates in samples 32143-49 
(Gabbronorite Zone I) and S10-142 (Peridotite Zone) were analyzed by microprobe using a beam 
diameter of 5 microns and again using a beam diameter of 20 microns. The end member compositions 
(calcite and dolomite) were then averaged for each sample and a tie line drawn between the average 
compositions for each sample. The calcite and dolomite of each sample were then recombined in their 
relative proportions to give a bulk composition, which in both samples plots on the tie line between the 
end member compositions. The high-temperature data show a much greater range in Fe-content than the 
vein data. 
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some carbonatite dolomites contain higher percentages of Fe, so lie along the dolomite-
ankerite tie line. 
 The middle diagram shows data from vein carbonates from chromitite (PZ), 
orthopyroxenite (BZ), norite (N-I), gabbronorite (GN-I) and dunite (OB-I) in the 
Stillwater Complex. The vein data contain very little Fe, lying almost directly on the 
calcite-dolomite tie line. 
The top diagram of Figure 7 shows data from the igneous carbonate occurrences 
in the Stillwater Complex. Granophyre data from sample ST05-13A (light grey triangles) 
lie clustered around the calcite end member of the diagram, with only a small Fe and Mg 
content. Measurements made with a 5μm beam diameter in samples S10-142 (PZ) and 
32143-49 (GN-I) are displayed in dark grey squares and circles respectively. The average 
composition of the calcite and dolomite end members are shown as small white 
symbols, linked by tie lines for each sample. The gabbronorite sample shows a higher 
concentration of Fe in both its calcite and dolomite than does the peridotite sample. The 
mode-averaged bulk compositions of the total carbonates in each sample are shown as 
black symbols which lie on the tie lines connecting the average end members for each 
sample. The bulk carbonate composition was calculated by measuring the total surface 
area of each end member in the sample and reintegrating the compositions in the correct 
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proportions. The bulk carbonate composition indicates an equilibrium temperature of 
~950°C. 
As a further check on accuracy, some carbonate composition measurements were 
made in sample 32143-49 (GN-I) using a 20µm beam diameter as opposed to the ~5µm 
diameter used for all other measurements, in an attempt to get an average bulk analysis 
of the carbonate.  Data from the 20µm beam diameter measurements of sample 32143-49 
are shown as half black, half white circles in the top plot of Figure 7. While most of these 
“broad beam“  analyses plot close to the end-member average compositions for sample 
32143-49 as calculated above, the solvus temperatures average about 100 °C lower.  
Figure 8 shows the variation in molar MnO and FeO for both Stillwater calcite 
and dolomite as well as that from other geologic environments (including marbles, 
mantle carbonates and carbonatites). The majority of the vein carbonate measurements 
lie within the marble compositional fields of both plots (Grenville Province, Canada, 
from Kretz (1979); Wong (1971)), with the exception of the dolomite vein through 
chromitite (S11-023), which lies at the base of the carbonatite dolomite field. The 
granophyre (ST05-13A) measurements lie within the carbonatite calcite field. In both the 
calcite and dolomite plots, however, analyses from the sulfide-associated carbonates 
(samples 32143-49 and S10-142) lie mainly within the mantle carbonate fields, with three 
of the dolomite data points containing higher concentrations of FeO and MnO. These  
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Figure 8: Plot of molar % FeO against molar % MnO for calcite and dolomite occurrences from the 
Stillwater Complex with literature data fields for comparison. Legend applies to both the dolomite and 
calcite plots. Literature data from same sources listed in caption of Figure 7. Most Stillwater vein data lie 
within the same range as the marble data fields. Most Stillwater igneous data extend past the carbonatite 
data fields. The granophyre data shows significant overlap with the carbonatite calcite data field. 
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three anomalously high values are of uncertain origin, but may represent sub-micron 
exsolutions of Mn- and/or Fe-carbonate. 
3.3.3 Pyroxene microprobe results 
Electron microprobe wavelength dispersive spectrometry was undertaken on the 
orthopyroxene hosts of the carbonate-sulfide assemblages, on the carbonate-proximal 
pyroxenes, and on carbonate-distal clinopyroxenes for compositional comparison. 
Carbonate-proximal pyroxenes are intermediate in composition between 
orthopyroxenes and clinopyroxenes (Figure 9). Distal clinopyroxenes are primary 
igneous clinopyroxenes in sample 32143-49, which are not in immediate association with 
the carbonate-sulfide assemblage, but which were analyzed for compositional 
comparison with the carbonate-proximal pyroxene rims. Typical analyses are listed in 
Table 2 (complete tables of all pyroxene analyses are in Appendix D). As observed in 
Figure 9, when plotted on a two-pyroxene geothermometer (Lindsley & Andersen, 
1983), the orthopyroxene hosts and distal clinopyroxenes each show a relatively 
confined range of compositions which overlap with pyroxene compositional fields of the 
Ultramafic Series and the Lower Banded Series (Raedeke, 1982). The orthopyroxene 
hosts and distal clinopyroxenes span temperature contours over a range of 600-1050°C.  
In contrast, the carbonate-proximal pyroxenes that rim the carbonate-sulfide 
assemblages show a much greater variation in composition, with most data points  
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Table 2: Selected representative pyroxene microprobe analyses 
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Figure 9: Pyroxene compositions from GN-I and PZ are plotted onto the diopside – hedenbergite – 
ferrosilite - enstatite quadrilateral contoured for temperature (Lindsley & Andersen, 1983). 
Compositional fields for pyroxenes from the ultramafic and lower banded series (Raedeke, 1982) are 
shown for comparison. The inset (b) shows an enlargement of the orthopyroxene data. 
clustering around 30% Ca, 5% Fe and 65% Mg (Figure 9). Indeed, two of the data points 
from sample 32143-49 contain higher Ca contents than the distal clinopyroxene 
compositions measured in the same sample (Figure 9). The unusually high temperatures 
for the rim pyroxene as defined by the Lindsley and Andersen (1983) two-pyroxene 
geothermometer suggests that equilibration between the rim and the host 
orthopyroxene was not achieved.  
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  Similar compositional trends have been noted in carbonate-bearing mantle 
xenoliths that show reaction rims between the orthopyroxene of the host peridotite and 
carbonate minerals (Ionov et al., 1996 ; Yaxley et al., 1998). For example, the Ca content of 
the pyroxene in the reaction rims studied by Ionov et al. (1996 ) was noted to be highly 
variable, similar to that seen in the Stillwater pyroxene.   
 The Mn/ Fe and Mg/Fe ratios as measured by WDS analysis for the distal 
clinopyroxenes, the host orthopyroxenes and the carbonate-proximal pyroxenes are 
plotted in Figure 10. As compared with the host ortho- and clinopyroxenes, the 
pyroxenes in contact with the carbonates can have markedly higher MgO/FeO ratios, 
whereas their ranges in MnO/FeO ratios tend to be similar. Nakano et al. (1994) analyzed 
pyroxenes from 46 Japanese skarn deposits and found that the mean Mn/Fe ratio for Cu-
Fe deposits is <0.1 and that, in any given deposit, the Mg/Fe ratio is generally more 
variable than is the Mn/Fe ratio, similar to what is observed in the Stillwater.  
The molar % MnO of coexisting pyroxenes and carbonates are plotted against their 
respective FeO contents for the two igneous sulfide-associated carbonate samples 
(Figure 11).   The plot for sample S10-142 (Peridotite Zone) displays the compositions of 
the igneous-associated carbonates, the carbonate-proximal pyroxene rims and their host 
orthopyroxenes. No distal clinopyroxenes were analyzed in this sample. The host  
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Figure 10: Plot of pyroxene ratios molar % MnO/FeO ratios are plotted against the molar % MgO/FeO 
ratios of pyroxenes from GN-I and PZ (after Nakano et al. (1994)). 
(proximal) orthopyroxenes, plotted as white squares, cluster at ~15% FeO and <0.5% 
MnO. With one exception the carbonate-proximal pyroxenes cluster around 5% FeO and 
0.01% MnO: the exception lies at 15% FeO and 0.01% MnO.  The compositions of the 
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carbonates range between 0.01% and 0.08% MnO and from ~1% to 4% FeO. The average 
composition of the carbonate-proximal pyroxene rims and of the sulfide-associated 
carbonates are both plotted as small triangles, joined by a tie line. As shown, the average 
carbonate composition has a higher MnO content and a lower FeO content than the 
average pyroxene rim composition.  
 The plot (Figure 11) for sample 32143-49 (Gabbronorite Zone I) shows the 
compositions of the igneous-associated carbonates, the carbonate-proximal pyroxene 
rims, their host (proximal) orthopyroxenes and distal clinopyroxenes from the same 
sample for comparison. The host orthopyroxene and distal clinopyroxenes each show 
relatively constrained compositions averaging ~18% FeO, ~0.3% MnO and ~7% Feo, 
~0.3% MnO respectively. The carbonate-proximal pyroxene rims again show a confined 
MnO composition of ~0.1% but a broad range in FeO content from 4% to 9%. The 
carbonates likewise show a variety of compositions, ranging from 0.2 % to 2.5% MnO 
and 3% to 10% FeO, but the majority of data points cluster at <5% FeO and <1% MnO. 
The comparison of average pyroxene rim and carbonate compositions (white triangles) 
show a similar relationship to those in S10-142, with the carbonates containing less FeO 
but more MnO than the pyroxene rims. Although not plotted on Figure 11, this 
relationship is also seen in the mantle carbonates and associated clinopyroxene rims 
reported by Ionov et al. (1996 ). 
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Figure 11: Plot of MnO against FeO for pyroxenes and carbonates The MnO and FeO contents of 
pyroxenes from GN-I and PZ and carbonates from PZ, BZ, N-I and GN-I are plotted. Distal 
clinopyroxenes, host orthopyroxenes, granophyre carbonates and carbonate veins through chromitite, 
norite, orthopyroxenite and dunite are all plotted as compositional fields. Sulfide-associated carbonates 
are plotted as half black, half white symbols and carbonate-proximal pyroxenes as grey symbols. 
Although clinopyroxene rims have been reported in a number of mantle xenoliths 
(Coltorti et al., 1999; Hauri et al., 1993; Yaxley et al., 1991; Yaxley et al., 1998), most studies 
do not document the MnO and FeO contents of both the pyroxene rim and the mantle 
carbonates, thus few data are available for comparison with the Stillwater assemblages. 
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3.4 Discussion 
The carbonates found in association with greenschist minerals are typical of 
alteration assemblages for igneous protoliths.  These likely formed during the 
greenschist facies metamorphic event at 1800 – 1600Ma (DePaolo & Wasserburg, 1979), 
subject to the local influx of water. The maximum temperatures of formation range from 
550 °C (as described below) to ~350 °C (e.g., Li et al. (2004)).  Those associated with 
serpentinites may have formed at temperatures as low as 100 °C (e.g. Page (1976)). It is 
possible that some of the very low temperature veins may precipitate end-member 
carbonates to infill small joints without significantly altering the host silicate minerals, as 
could potentially be the case in sample S11-023 (Figure 6b), although the presence of 
fresh olivine and the intermediate carbonate compositions suggest otherwise.  Also, 
without radiometric dates on individual samples, it is uncertain which may have been 
formed during late cooling of the intrusion and which may have occurred much later. 
These greenschist and lower grade assemblage are otherwise unremarkable.  
The greenschist-assemblage-free vein carbonates (e.g., sample 32143-106) are 
interpreted to have formed at temperatures >550°C due to the equilibrium textures 
between the calcite-hornblende veins and the anorthitic plagioclase host. Liou et al. 
(1974) note that calcic plagioclase may coexist with hornblende above 550°C at 2kbar, 
but is albitized at lower temperatures.  As the contact metamorphic assemblage at the 
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base of the Stillwater Complex formed at ~3kbar (Labotka, 1985), this is taken as a 
reasonable minimum temperature for the greenschist-assemblage-free veins. Liou et al. 
(1974) also note that chlorite is stable below 550°C at 2kbar, thus the chlorite-free 
assemblage of S11-023 is interpreted to have formed above this temperature.  Unlike the 
greenschist assemblages, these are assumed to be related to the cooling of the intrusions, 
as there are no reported post-intrusion amphibolite-grade regional metamorphic events. 
3.4.1 High temperature nature of sulfide-associated carbonates 
A high temperature origin for the sulfide-associated carbonates is suggested by 
the extensive exsolution of calcite from an intermediate carbonate of Mg-rich 
composition and the compositional similarities with mantle and carbonatite carbonates.  
Temperatures of the recombined carbonates are as high as 950 °C (Figure 7).  The 
observation that the Stillwater high-temperature carbonates show less compositional 
scatter than the mantle examples is attributed to the more complete separation of calcite 
and dolomite owing to the slower cooling of the Stillwater assemblages. Although most 
examples of carbonate exsolution from the metamorphic literature document dolomite 
exsolving from magnesian calcite, the calcite-dolomite solvus diagram (Figure 7) of 
Anovitz and Essene (1987) shows that a Mg-rich intermediate solid solution carbonate  
will unmix to give dolomite with subsidiary amounts of calcite. 
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As seen in Figure 8, the Stillwater carbonates of samples 32143-49 and S10-142 
show an overlap in MnO and FeO composition with carbonates in mantle xenoliths 
(Frezzotti et al., 2002; Ionov et al., 1996 ; McInnes & Cameron, 1994; Schiano et al., 1994 ; 
Yaxley et al., 1998). In the xenoliths investigated by Ionov et al. (1996 ) the carbonates are 
associated with textures and compositions that they suggested are inconsistent with 
their host basalt and thus are interpreted as having formed in the mantle, i.e., at high 
temperatures.  Further-more, the carbonate compositions are consistent with those of 
some igneous carbonates (MacDonald et al., 1993) and of those determined by 
experimental methods for carbonates coexisting with peridotites (Dalton & Wood, 1993). 
A possible equation for the reaction between the orthopyroxene and carbonate 
assemblage is given in figure 8 of Wyllie et al. (1983):  
  
  2CaCO3 + Mg2Si2O6  =  CaMg(CO3)2 + CaMgSi2O6 
    calcite          opx              dolomite             cpx 
 
At 3 kbar, the equilibrium is at ~700 °C (figure 8, Wyllie et al. (1983)). This 
reaction is consistent with the intermediate (disequilibrium) compositions of the 
pyroxene rims developed in orthopyroxene in association with the Stillwater carbonate-
sulfide assemblages.  Similar alteration of orthopyroxene to clinopyroxene observed in 
 70 
 
mantle xenoliths is interpreted to be the result of cryptic metasomatism involving 
interaction with ephemeral carbonatite melts in the upper mantle (Blundy & Dalton, 
2000; Frezzotti et al., 2002; Hauri et al., 1993; Ionov et al., 1993; Kogarko et al., 1995; Yaxley 
et al., 1991).  In comparison with the average composition of the Stillwater altered 
pyroxene rims (En62Fs6Wo32), those of Ionov et al. (1996 ) are most similar but are slightly 
enriched in Mg and depleted in Ca (En68Fs6Wo26).  In the altered rims of (Yaxley et al., 
1991) the conversion of orthopyroxene has been completed, giving the rims a diopsidic 
clinopyroxene composition (En52Fs5Wo43). This suggests that the Stillwater pyroxene 
rims and the Ionov et al. (1996 ) pyroxene rims both represent intermediate, 
disequilibrium stages in the local conversion of orthopyroxene to clinopyroxene, while 
the Yaxley et al. (1991) rims have completed the replacement process. 
3.4.2 Carbonic fluid or carbonatite melt? 
There are two possible phases responsible for the formation of the carbonate-
sulfide assemblage: a carbonatitic melt or a carbonic volatile fluid.  
As carbonatitic melts have been shown to have very low density and viscosity 
properties (Dobson et al., 1996), which can be lowered even further if they contain 
significant proportions of halogen elements (Bühn & Rankin, 1999), they are inferred to 
be highly mobile in the crust and mantle, and thus have the potential to be effective 
metasomatic agents (Ionov et al., 1993). Carbonatite metasomatism has been cited as the 
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source of fine-grained clinopyroxene rims on orthopyroxene crystals in mantle xenoliths 
noted above.  In the xenoliths investigated by Ionov et al. (1996 ), they suggested that the 
carbonates must have crystallized from a carbonatitic melt because pristine silicate glass 
is also preserved, which they suggest would have been easily altered by interaction with 
carbonate-bearing fluids. 
If a carbonatitic melt were the source for the Stillwater assemblages, excess 
apatite ought to be observed in association with the carbonates, as they are in carbonate 
assemblages in mantle xenoliths (Amundsen, 1987; Blundy & Dalton, 2000; Frezzotti et 
al., 2002; Hauri et al., 1993; Ionov, 1998; Ionov et al., 1993; Ionov et al., 1996 ; Kogarko et 
al., 1995; Yaxley et al., 1991).  Although rare interstitial chlorapatite grains occur in the 
rocks, they do not appear to be specifically associated with the carbonates, consistent 
instead with apatite having crystallized from pockets of an evolved interstitial silicate 
liquid and later equilibrated with a Cl-rich fluid. 
In contrast are the accidental calcite crystals found in the fluid inclusion study of 
Hanley et al. (2008), who observed fluid inclusions in a variety of rocks but did not 
report any carbonatite melt inclusions.  It is therefore inferred that the carbonates 
formed by direct precipitation from an igneous carbonic volatile fluid. The Stillwater 
Complex was emplaced into a series of pelitic schist, iron formation and quartzite 
(Labotka & Kath, 2001), a sequence that seems unlikely to represent a significant carbon 
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source.  Nor do the high temperature carbonates appear to be especially common near 
the base of the complex, as might be expected if a country fluid were responsible for the 
carbonate. The high temperature, sulfide-associated carbonates have only been observed 
in rocks below the J-M reef (Figure 4). This region is notable for the unusually high Cl/F 
ratios of interstitial apatite, with the unusual compositions being attributed to 
equilibration with a Cl-rich fluid (e.g. (Boudreau et al., 1986; Boudreau & McCallum, 
1989; Mathez & Webster, 2005). The presence of Cl is thought to enhance the thermal 
stability of carbonates (Manning & Newton, 2000; Newton & Manning, 2002).  
The skarn study of Nakano et al. (1994) noted above also discussed cation 
exchange experiments between clinopyroxene and hydrothermal chloride solutions 
investigated by Iiyama in 1979 and 1982 (papers in Japanese).  These studies revealed 
that Mg tends to be much more strongly concentrated in clinopyroxene than does Mn. 
Nakano et al. (1994) suggested that recrystallization or alteration of pyroxenes by a fluid 
that is relatively homogenous with respect to Mn, Mg and Fe would deplete the fluid 
with respect to Mg, producing a suite of fluids which had relatively homogenous Mn/Fe 
ratios but variable Mg/Fe ratios, and would affect the pyroxene rim compositions 
accordingly. This process is deemed relevant to the intermediate pyroxene rims 
observed around the Stillwater carbonate-sulfide assemblages, which indeed show 
variable Mg/Fe but nearly constant Mn/Fe ratios. The investigations of Iiyama (1982) 
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were carried out at 1kbar and 600°C (Kawasaki & Ito, 1992), and it is assumed that 
similar effects would occur at higher temperatures. 
The inference that the high-temperature carbonates formed by means of a Cl- 
and CO2-rich fluid is consistent with the fluid inclusion studies of Hanley et al. (2008), 
who observed accidentally trapped calcite that was trapped alongside a halide melt 
within olivine crystals of the Bronzitite Zone at 660-800°C. The conditions of entrapment 
recorded by these fluid inclusions are shown in Figure 12 (fields H1-H3). The same 
olivine crystals also contain secondary Cl-rich brine inclusions trapped at 480 - 640°C.  In 
contrast, quartz crystals in a GN-I pegmatite 350m higher stratigraphically contain 
inclusions of coexisting Cl-rich brine and a carbonic fluid comprising CO2 and CH4 that 
had different equilibration temperatures. They suggested that both fluids exsolved from 
the silicate melt but under different conditions: the carbonic fluid from the interstitial 
liquid in the hotter, shallower portion of the crystal pile, and the brine from the cooler 
interstitial liquid at deeper levels in the crystal pile. They proposed that the two liquids 
were then trapped together in the pegmatite that acted as a fluid pathway for both 
liquids, but that they were never in equilibrium with one another. It should be noted 
that Hanley et al. (2008) only consider temperatures to ~700°C. Despite the co-
entrapment of accidental calcite with the fluid inclusions, they also do not consider 
carbonate-saturated fluids, or the possibility that the two fluids have differing wetting 
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and trapping properties that could have affected their measurements (although they 
pose this explanation for the lack of carbonic fluid inclusions in Peridotite Zone olivine). 
Based on the stratigraphic overlap of the rocks that contain Cl-rich apatite and 
the rocks containing high-temperature carbonate, we suggest that the initial volatile 
fluid exsolved from the interstitial liquid was a homogenous mixed volatile fluid that 
unmixed during cooling.  Precipitation of carbonate at magmatic temperatures is 
supported by the ternary phase diagram in figure 9 of Newton and Manning (2002), 
which shows that at 10 kbar pressure calcite can coexist with a Cl-rich fluid from 950˚C 
to 1420˚C (dependent on the carbonic and chloride proportions of the fluid). This 
coexistence is stable to lower temperatures if some H2O is present in the fluid. 
Experiments by Manning and Newton (2000) show that calcite solubility increases 
exponentially with increasing salinity at 10 kbar pressure and 600-800°C and 
experiments by Newton and Manning (2002) show that calcite solubility increases 
greatly with increasing temperature. A small decrease in temperature or salinity would 
therefore have the potential to precipitate calcite. A possible mechanism for calcite 
deposition from a Cl-rich fluid is given by: 
 
CaCl2 + Na2CO3  =  CaCO3 + 2NaCl 
vapor       vapor        calcite    vapor 
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As an increase in pressure from 6 kbar to 14 kbar at 700˚C only gives a 20% 
increase in calcite solubility (Newton & Manning, 2002), it is assumed that a pressure 
decrease to 2-3 kbar would have little effect on the solubility trend of calcite in a Cl-rich 
fluid and thus on its precipitation conditions.  Thus, we would suggest that unmixing of 
a Cl-rich brine from a Cl-rich carbonic fluid likely occurred at temperatures somewhere 
above the ~700˚C trapping temperatures recorded by the fluid inclusion studies of 
Hanley et al. (2008). Both fluids then continued to precipitate calcite until the Cl-rich 
brine eventually evolved to exsolve the halide melt inclusions.  
A summary of the pertinent reactions that occurred during fluid evolution in the 
Stillwater Complex is shown in Figure 12. 
A vapor-refining model is proposed for the movement of carbonic, Cl-rich fluids 
through the complex, similar to that outlined by (Meurer et al., 1999) for migration of Cl- 
rich brines. In this model, CO2 exsolved from the interstitial silicate liquid and began 
percolating upwards through the crystal pile. Species such as Cl, CO2, H2O, S, Cu, Pt and 
Pd preferentially entered this fluid. When it reached an area of interstitial melt that 
remained volatile-undersaturated it redissolved. When these stratigraphically higher 
interstitial melts degassed, they were more enriched in CO2 and Cl than they would 
have been had the interstitial liquid not been previously enriched.  These enriched  
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Figure 12: Pressure - temperature plot demonstrating inferred conditions of Stillwater carbonates. 
Stability limits for formation of phlogopite (Wyllie, 1977) and amphibole (Yoder & Tilley, 1962), an 
approximate solidus for the estimated Stillwater parent composition (Helz, 1995), and the maximum 
Stillwater emplacement pressure (Labotka, 1985) are plotted as well as reaction lines showing the 
transition from calcite+orthopyroxene to dolomite+clinopyroxene (Wyllie et al., 1983) and from 
olivine+H2O to antigorite+brucite (Peacock & Hyndman, 1999). The range of chrysotile-lizardite 
serpentinization is taken from (Wenner & Taylor, 1971) and is interpreted as relevant to the Stillwater 
Complex by (Page, 1976). Fields H1 to H3 are taken from figure 13 of Hanley et al. (2008) to show the 
trapping conditions of the fluid inclusions associated with “accidental” calcite. H1 shows calculated 
isochores for the Type 1 brine inclusions of Hanley et al. (2008) trapped in massive quartz, with field H2 
showing similar isochores for Type 1 brine inclusions trapped in olivine. Field H3 shows the range of 
trapping conditions for the immiscible brine-CO2 assemblages in the graphic albite-quartz assemblage at 
the centre of the pegmatite. Inferred formation conditions of the Stillwater carbonate assemblages (this 
study) are shown as dashed dark grey fields at ~3kbar (igneous and vein carbonates) and ranging in 
temperature from about 550°C to 750°C (vein carbonates), 800°C to 1000°C (igneous carbonates) and 250°C 
to 500°C (low-T carbonates). 
interstitial silicate liquids would also have degassed at a higher temperature than those 
lower in the pile. 
The solvus relationships suggest that that the earliest carbonates precipitated at a 
relatively high temperatures (>900˚C), with the quartz-free Peridotite Zone carbonates 
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perhaps stable at a somewhat higher temperature than the quartz-bearing GN-I 
assemblage. 
The vein carbonates (and the accidental calcite inclusions in pegmatoids reported 
by Hanley et al. (2008) were likely deposited during near- and sub-solidus channeled 
and vein-controlled circulation of the carbonic fluids at 550-750°C (Figure 12).  Any 
fluids remaining in the intrusion as it cooled to lower temperatures could have 
continued to react with the igneous assemblage, but would be difficult to distinguish 
from any later alteration events (e.g. Page (1976); Polovina et al. (2004)). All of these low 
temperature carbonates formed at conditions estimated at anywhere from <100 – 500 °C 
and from 1-3 kbar (Figure 12). 
3.4.3 Implications for transport of PGE 
The mobility of PGE and S within the crystal pile is still a controversial topic. For 
example, evidence for the existence of “cumulus” sulfides, in the form of unusually high 
PGE concentrations (Barnes et al., 2009), is present in the rocks below the Merensky Reef 
in the Bushveld Complex, yet the low bulk S content of the rocks indicates that the 
magma cannot have been S-saturated (Cawthorn, 2005). Kanitpanyacharoen and 
Boudreau (2010) observed textural and mineralogical evidence for S loss to fluids during 
crystallization the footwall rocks of the Bushveld Complex, including evidence for the 
replacement of sulfides by Ti- and Cr-poor magnetite and calcite. 
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The composition of the high-temperature fluids is therefore crucial as it controls 
their potential for remobilizing sulfide components and PGE. Experimental studies over 
the past twenty years have shown that high temperature, Cl-rich fluids can be efficient 
in the mobilization of PGE (Ballhaus et al., 1994; Blaine, 2010; Blaine et al., 2005; Blaine et 
al., 2011; Botcharnikov et al., 2010; Fleet & Wu, 1993; Hanley & Heinrich, 2007; Hanley et 
al., 2005b). PGE are most efficiently transported as chloride-complexes about 600°C 
(Fleet & Wu, 1993), although HCl activity is thought to be a function of pressure (Simon 
& Pettke, 2009 ). 
More recent experimental work (Blaine, 2010; Blaine et al., 2005; Blaine et al., 2011; 
Hanley & Heinrich, 2007; Simon & Pettke, 2009 ) into the relative efficiencies of Cl-rich, 
CO2-rich and H2O-rich fluids in transporting Pt and Pd under magmatic conditions 
indicates that although Cl-rich brines are an efficient medium for the transport of PGE, a 
more carbonic, Cl-rich fluid can even more readily mobilize PGE. For example, Blaine 
(2010) showed experimentally that increasing the CO2 content of an aqueous fluid 
significantly increases the efficiency of the fluid in dissolving Pt, up to a molar ratio of 
0.15 CO2:H2O, after which increasing CO2 has no further effect. Apparent distribution 
coefficients for the partitioning of Pt between CO2-rich fluids and a haplobasalt melt 
were on the order of 102 – 103. Hanley et al. (2005a) found that fluid inclusions beneath 
the J-M reef in the Stillwater Complex contained 0.4-4ppm of Pt, with Pd/Pt ratios 
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between ~1 and ~2 (as compared with the J-M Ref ratio of ~3). Assuming the interstitial 
liquids contained a few tens of ppb Pt and Pd, these concentrations are consistent with 
the partition coefficients measured by Blaine.   
Although the rocks below the J-M reef typically have very low S concentrations, 
(e.g. Keays et al. (2012)) there are zones that have elevated sulfide and PGE 
concentrations.  These include the G chromitite and proximal rocks and along the 
Ultramafic-Banded series contact (Page et al., 1985).  The association of sulfide with 
carbonate in these zones as found by this study is consistent with extensive S-
remobilization and co-precipitation of PGE-sulfide and carbonate by Cl-rich, carbonic 
fluids. 
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4. A study of the trace sulfide mineral assemblages in the Stillwater 
Complex, Montana 
Layered igneous intrusions such as the Stillwater Complex, Montana, USA and 
the Bushveld Complex, South Africa, contain the richest sulfide-hosted deposits of 
platinum-group elements (PGE) in the world. However, the processes that formed these 
deposits, and particularly the role of fluids in their genesis, are still highly debated (e.g. 
Boudreau, 1988; Campbell et al., 1983; Maier et al., 2012; Raedeke & McCallum, 1984; 
Todd et al., 1982). Comparison of the textural and compositional trends in the trace 
sulfide assemblages present below and above the J-M reef could elucidate the processes 
involved in ore zone formation by providing evidence for either the orthomagmatic or 
the hydromagmatic model. This paper presents a detailed petrographic and geochemical 
study of the sulfide assemblages in the sulfur-poor regions both above and below the 
reef. 
4.1 Geology and previous work 
Although numerous sulfide-enriched zones have been identified throughout the 
Stillwater Complex (McCallum et al., 1980), previous detailed petrographic work has 
mainly focused on the following deposits: the sulfide concentrations in the Peridotite 
Zone (PZ); the J-M reef located in Olivine-Bearing Zone I (OB-I); and the Picket Pin ore 
zone in Anorthosite Zone II (AN-II). Bulk rock analysis has been carried out throughout 
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the Stillwater Complex, most recently by Keays et al. (2012), but with little 
accompanying petrographic description. A general description of the geology of the 
Stillwater Complex is given in the introductory chapter of this dissertation so only the 
previous work on sulfides in the Stillwater complex is described here. 
The Basal Series comprises a lower portion of norite and gabbronorite sills and 
dikes, overlain by ‘cumulus’ bronzitite (Todd et al., 1982). The magma that formed the 
Basal Series underwent extensive contamination by the underlying metasedimentary 
quartzite, argillite, greywacke and iron formation (Barker, 1975; Labotka & Kath, 2001). 
The magma also assimilated sulfur from the underlying banded iron formations 
(Zientek & Ripley, 1990), allowing local sulfide saturation and producing the sulfide 
accumulations found throughout the Basal Series. Local sulfide content ranges from <1% 
to 100% and is not homogenous through the Basal Series, but varies both along strike 
and vertically, with higher sulfide abundances at the base of the Basal Series (Page, 
1979). Little evidence for replacement of silicates by sulfides is found in the region. 
Sulfides comprise pyrrhotite, pentlandite and chalcopyrite, with pyrrhotite being the 
most prevalent, and Ccp/Pn ratios ranging from 3 to 0.1 (Page, 1979).  
The Peridotite Zone (PZ) of the Ultramafic Series comprises a cyclic sequence of 
peridotite (olivine ± chromite), harzburgite (olivine + orthopyroxene ± chromite), 
bronzitite (orthopyroxene) which repeats up to 21 times.  The PZ contains less than 0.01 
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volume percent of sulfide minerals, which primarily occur disseminated in the cyclic 
units. Massive and matrix sulfides are rarely present, with the exception of 
concentrations in the lower portion of the PZ at Iron Mountain and lenses within the G-
chromitite at the Mouat chrome mine (Zientek & Ripley, 1990), as seen in Figure 1Figure 
1: Simplified geologic map of the Stillwater Complex.. Sulfide minerals are mainly 
pyrrhotite, pentlandite and chalcopyrite. Pegmatoid pods containing graphite and 
disseminated to matrix sulfide minerals occur locally at the top of the ultramafic series 
(Volborth & Housley, 1984).  
The J-M reef is a sulfide-rich zone occurring in Olivine-bearing Zone I (OB-I) of 
the Lower Banded Series, which may be traced for ~40km along strike (Todd et al., 1982). 
The word ‘reef’ is a South African mining term, used to describe a zone of ore-grade 
mineralization. The ‘reef package’ is a zone of about 1-3m thickness which is PGE-
enriched and comprises dunites, troctolites, anorthosites and norites of pegmatoidal 
texture. Layering in this region is complicated on a small scale, with many layers being 
discontinuous along strike (Zientek et al., 1990). The reef itself is not consistent but 
pinches and swells from locally absent to zones up to 12m thick, known by mining 
geologists as ‘ballrooms’ (Li & Ripley, 2006). In some places the reef bifurcates and 
continues for short distances as two distinct zones (Todd et al., 1982). A three-
dimensional visualization of the Pt-mineralization in the J-M reef by Raedeke and Vian 
 83 
 
(1986) revealed four layers of PGE-enrichment stacked on top of one another. Ore grades 
average 18ppm Pt+Pd for a 1-3m layer extending the length of the complex. The sulfide 
content ranges from about a quarter to several percent (Barnes & Naldrett, 1985; Irvine et 
al., 1983), with a Pd/Pt ratio of about 3.5 (Todd et al., 1982). The total PGE of the complex 
is estimated at 24.91g/t, giving an estimated ore resource of 32.3 million tonnes 
(Naldrett, 2004). This ore zone is currently being mined by the Stillwater Mining 
Company.  
Total sulfide content ranges from about 0.5 - 3 volume percent (Barnes & 
Naldrett, 1985; McCallum et al., 1980; Todd et al., 1982), with the bulk sulfide 
composition remaining constant along strike, at 9.3% Ni, 6.9% Cu and ~0.7% PGE, 
regardless of host rock type (Barnes & Naldrett, 1985). Sulfide mineralogy within the 
reef comprises, in decreasing order of abundance: chalcopyrite, pyrrhotite and 
pentlandite (Todd et al., 1982), with pyrite as a common minor phase in bronzite-rich, 
olivine-poor rocks (Barnes & Naldrett, 1985; Zientek & Ripley, 1990). Pentlandite 
generally occurs as coarse grains at the center of the sulfide aggregate (Volborth et al., 
1986), and chalcopyrite commonly forms a discontinuous rim around sulfide aggregates, 
and may show complex intergrowth with pentlandite. Serpentinized rocks may also 
contain millerite (after pentlandite), mackinawite, violarite and marcasite (Barnes & 
Naldrett, 1985). Mostly interstitial to silicates, sulfide minerals form 1-5mm aggregates, 
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existing either as net-like textures or disseminated grains (Todd et al., 1982; Volborth et 
al., 1986). Sulfides within the J-M reef occur as large clots in the lower reef, net-textured 
in the middle and disseminated at the top of the reef package. Some spherical droplets 
are completely included within olivine crystals, which is interpreted by Barnes and 
Naldrett (1985) to indicate that sulfide was a cumulus phase during the crystallization of 
olivine.  
Platinum-group element enrichments occur in minor sulfide occurrences below 
the J-M reef but rarely above (Todd et al., 1982). Rocks in the hanging-wall and footwall 
contain ~10-40ppb PGE, while the ore zone has ~140 – 400ppm (Godel & Barnes, 2008a), 
with a Pd/Pt ratio of about 3.5 (Todd et al., 1982). All six platinum group elements in the 
reef correlate strongly with sulfide abundance and with Ni and Cu contents (Barnes & 
Naldrett, 1985), indicating that base metal sulfides control the PGE mineralization 
(Godel & Barnes, 2008a). Up to 80% of the total Pd grade (Pd concentration) is dissolved 
in pentlandite (Godel & Barnes, 2008a) or pyrrhotite (Todd et al., 1982), while Pt is 
commonly in platinum-group minerals included within sulfide hosts. Palladium alloys 
and Pd sulfides are present in samples containing secondary magnetite, indicative of 
their secondary origin (Godel & Barnes, 2008a).  
The Picket Pin deposit (Figure 1) is a region of disseminated, PGE-rich sulfides in 
the upper portion of AN-II, traceable over the entire 22km outcrop (Boudreau & 
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McCallum, 1986b). Sulfides occur as podiform and lenticular bodies which are 
discontinuous along strike. Below this, discordant sulfide-bearing pipes occur to a depth 
of 150m into the anorthosite anorthosite and have been interpreted as fossil channelways 
for upward-moving mineralizing fluids (Boudreau & McCallum, 1992). PGE-bearing 
sulfides are found in association with pyroxene-poor anorthosites which contain quartz 
and apatite (Boudreau & McCallum, 1986b). The sulfide assemblage comprises 
pyrrhotite, chalcopyrite and pentlandite (in order of decreasing abundance), although 
massive sulfides in the disrupted region of the coarse-grained anorthosites consist 
entirely of chalcopyrite and minor pyrite. The PGE content is lower by 1-2 orders of 
magnitude than that of the J-M reef (Volborth et al., 1986). 
Stillwater rocks outside these regions are generally S-poor, although minor 
sulfides are present throughout (this study). Sulfides in the Banded Series normally 
consist of pyrrhotite and chalcopyrite with minor pentlandite and local pyrite 
(McCallum et al., 1980). Outside the J-M reef PGE occur in minor sulfide occurrences at 
various stratigraphic levels below the ore zone but rarely above it (Todd et al., 1982). 
Pegmatoids found below the J-M reef and in the upper BZ are associated with up to 5% 
disseminated sulfide, and some have cores of massive sulfide (Braun et al., 1994; Zientek 
et al., 1990). 
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4.2 Methods 
A total of 128 polished thin sections were examined during this study. These 
included: 8 samples from the East Boulder Mine (from 75W, 7900W, 6700W, 62W); 29 
drill core samples from the Stillwater Mine (from cores 35936, 12172, 12258, 12264 and 
32143); and 91 surface samples collected from Mountain View, Contact Mountain, 
Chrome Mountain, Iron Mountain and West Fork area (see Appendix A).  
These polished thin sections were analyzed with a petrographic microscope 
under transmitted and reflected light and with an electron microprobe using energy 
dispersive spectrometry. The Cameca CAMEBAX at Duke University was used for these 
microprobe analyses. Whole rock analysis was also carried out for 23 samples using the 
Rigaku Supermini wavelength-dispersive XRF spectrometer at the University of North 
Carolina in Chapel Hill. Fusion discs were produced following the procedure of 
Pelikánová (1985) in the hopes of determining the S contents of the samples, but too little 
S was present for accurate determination (the Pelikánová (1985) method yields detection 
limits of 30ppm). Fusion discs were used for major element analysis. Powdered samples 
were prepared by mixing powdered sample with paraffin at a ratio of 10:1, 
homogenized using a ball mill, and pressed into pellets using a Carver 25-ton press. 
Standards included: W-1, BHVO and DNC-1 for trace element analyses; and MAG-1, 
1633a, MRG-1, W-2 and STM-1 for major element analyses.  
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4.3 Results 
4.3.1 Detailed petrography of samples 
4.3.1.1 Ultramafic Series 
Samples from the lower portion (A – C units) of the Peridotite Zone are poikilitic 
and granular harzburgite and poikilitic orthopyroxenite. Accessory minerals associated 
with the sulfide assemblages in this region include apatite, calcite-dolomite exsolution 
and quartz. Samples from the G-Unit of the PZ comprise granular poikilitic and 
harzburgite, orthopyroxenite, chromitite, and leucocratic dunite. Accessory minerals 
associated with the sulfide assemblages in the G-Unit include calcite-dolomite 
exsolution, quartz, sphalerite (in multiphase sulfides), native copper, biotite and apatite. 
Samples from the upper portion (~H-unit) of the PZ comprise granular and poikilitic 
harzburgite, with some micropegmatitic pipes.  Accessory minerals in the H-Unit 
include dolomite with exsolved calcite (Aird & Boudreau, 2013).  
Bronzitite Zone samples are all orthopyroxenite. Accessory minerals associated 
with the sulfide assemblages in this region include calcite-dolomite exsolution, quartz, 
native gold, sphalerite (in multiphase sulfides), titanite, apatite and biotite. The majority 
of sulfides in the Ultramafic Series may be classified as pristine (see Figure 13), or 
hydrous-associated (see Figure 16).   
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Figure 13: ‘Pristine’ sulfide assemblages, characterized by multiphase sulfides and a lack of silicate 
alteration. Abbreviations: Ccp chalcopyrite; Po pyrrhotite; Pn pentlandite; Py pyrite; Cal calcite; Opx 
orthopyroxene; Cpx clinopyroxene; Ol olivine. 
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‘Pristine’ multiphase sulfides, commonly rounded or globular in appearance, are 
hosted by or interstitial to high-temperature/igneous silicate minerals showing minor or 
no obvious alteration in terms of composition or mineralogy (no reaction rims, no 
greenschist-facies minerals, (see Figure 13). They are locally found in association with 
quartz or calcite (included within or at edges of sulfide minerals). The sulfides may be 
interstitial or included in pyroxene, olivine or plagioclase (see Figure 14 and Figure 15) 
and those in the PZ are commonly associated with chromite minerals. Pristine sulfide 
assemblages are present throughout the stratigraphy, but are most common in the 
Ultramafic and Lower Banded Series below the J-M reef.  
In the Ultramafic Series, ‘hydrous-associated’ sulfide assemblages are especially 
prevalent at the base of the PZ. These assemblages comprise multiphase sulfides 
interstitial to orthopyroxene (± plagioclase), which are found in association with high-
temperature minerals such as biotite, apatite, carbonates and quartz (see Figure 16), as 
described by Aird and Boudreau (2013) (Chapter 3).  The orthopyroxene shows a 
reaction rim to an intermediate-composition pyroxene where it contacts the sulfide-
carbonate assemblage. Some of the associated carbonates display exsolution of calcite 
from dolomite, which is interpreted to be high-temperature feature. No greenschist-
facies minerals are observed. Sphalerite is noted in the second example shown (Figure 
16). It comprises a small grain in a larger multiphase sulfide. These high-temperature  
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Figure 14: 'Pristine’ multiphase sulfides included in silicate minerals. Abbreviations: Po pyrrhotite; Pn 
pentlandite; Ccp chalcopyrite; Cpx clinopyroxene; Opx orthopyroxene. 
 
Figure 15: ‘Pristine’ multiphase sulfides hosted by chromite, in association with high-temperature 
minerals including biotite and dolomite. Abbreviations: Ccp chalcopyrite; Pn pentlandite; Chr chromite; 
Bt biotite; Opx orthopyroxene; Cpx clinopyroxene. 
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assemblages are observed throughout the stratigraphy, although they are most common 
in the footwall to the J-M reef.  
The replacement of pyrite by magnetite is also observed in both the PZ and BZ. 
The alteration assemblage comprises pyrite crystals pervaded by cracks containing 
magnetite with no apparent alteration of the surrounding plagioclase and clinopyroxene 
(see Figure 17). No Ti is observed in the oxide phase. These replacement assemblages are 
most common in GN-III, AN-II and GN-II, but are also observed in N-II, BZ and PZ. 
4.3.1.2 Lower Banded Series 
Rocks in Norite Zone I comprise medium-grained (~1-4mm) norite. Some 
granophyres are also present in the lower portion of N-I. Accessory minerals associated 
with the sulfide assemblages in the norites include hornblende, biotite, apatite, titanite, 
chromite, ilmenite, magnetite, calcite-dolomite exsolution and quartz. 
Samples from the lower portion of Gabbronorite Zone I comprise fine-medium-
grained gabbronorite and include some with micropegmatites of the same composition. 
Some gabbronorites show igneous foliation defined by plagioclase lath orientation. 
Biotite is a common accessory mineral in some samples. Rocks from the middle of GN-I 
are mainly leucocratic gabbronorite, with occasional poikilitic micropegmatite pipes and  
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Figure 16: ‘Hydrous-associated’ sulfide assemblages, characterized by multiphase sulfides hosted by 
silicate minerals with minimal alteration, and associated with high-temperature minerals such as biotite, 
apatite and high-temperature carbonates (Aird & Boudreau, 2013). Abbreviations: Ccp chalcopyrite; Py 
pyrite, Po pyrrhotite; Pn pentlandite; Opx orthopyroxene; Cpx clinopyroxene; Pl plagioclase; Bt biotite; 
Cal calcite; Mag magnetite; Sp sphalerite; Qz quartz; Pl plagioclase.  
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Figure 17: High-temperature alteration of pyrite (Py) to magnetite (Mag). Hosted in plagioclase (Pl) 
showing no silicate alteration. 
heavily altered granophyres. The upper portion of GN-I comprises medium-grained 
gabbronorite, with little secondary alteration to greenschist-facies minerals. 
 94 
 
Some samples contain 1-2mm round “pipes” of plagioclase intensely altered to 
white micas and chlorite, but the rest of the sample remains unaltered. Some samples are 
plagioclase-rich (euhedral plagioclase with interstitial pyroxenes) and others are 
pyroxene-rich (sub to euhedral pyroxenes with interstitial plagioclase). Accessory 
minerals associated with the sulfide assemblages in this region include hornblende, 
biotite, zircon, apatite, titanite, chromite, ilmenite, magnetite, sphalerite and 
arsenopyrite (in multiphase sulfides), native copper, calcite-dolomite exsolution and 
quartz. 
 Sulfide assemblages in the Lower Banded Series below the J-M reef are typically 
‘hydrous-associated’ in nature, although ‘pristine’ assemblages are also present in both 
N-I and GN-I. Native copper is also observed in GN-I, in an assemblage with 
pentlandite, pyrite, calcite-dolomite exsolution, pyrrhotite and magnetite, all hosted by 
plagioclase and orthopyroxene that is being altered to an intermediate pyroxene 
composition (see Figure 18).  
A sphalerite grain is also observed within a hornblende-calcite vein through 
plagioclase in a sample from GN-I (see Figure 19). The vein is lined by quartz at its 
contact with the host plagioclase. The plagioclase shows no greenschist-facies alteration 
and no change in composition close to its contact with the vein. Sphalerite is also 
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observed in OB-I, GN-I, BZ and PZ, but in each of these cases it occurs as a small portion 
of a large multiphase sulfide. 
 
Figure 18: Native copper (Cu) in association with a multiphase sulfide (Py pyrite; Pn pentlandite; Po 
pyrrhotite) and high-temperature carbonates (Carb) comprising calcite (white) exsolving from dolomite 
(blue-grey). 
Samples from the footwall of the J-M reef in OB-I comprise serpentinized 
troctolites and heavily altered anorthosites. Occasional pegmatites are also present. 
Accessory minerals associated with the sulfide assemblages in this region include 
hornblende, biotite, apatite, titanite, chromite, ilmenite, magnetite, sphalerite (in 
multiphase sulfides), calcite and quartz. Uraninite was also observed in one sample, in 
association with low-temperature minerals such as chlorite, K-feldspar, albite and 
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quartz. Reef-level samples comprise large sulfide crystals in a leucocratic gabbro, with 
clinopyroxene oikocrysts and occasional olivine (heavily altered to serpentine and 
magnetite). Granophyric samples were also collected, but the surrounding mafic rocks 
are heavily altered to epidote and amphibole. Sulfides above the ore zone in OB-I are 
typically pristine and occur as inclusions in silicate minerals (see Figure 14). 
Samples in N-II comprise weakly (or non-) foliated norites. Some contain 
medium (~3mm) sub-euhedral orthopyroxene oikocrysts containing plagioclase and 
clinopyroxene chadacrysts.  Localized alteration of plagioclase to sericite and 
clinozoisite, and uralitization along cracks in orthopyroxene are locally present. 
Accessory minerals associated with the sulfide assemblages in this region include biotite 
and magnetite. Sulfides in N-II occur in both hydrous-associated and pristine 
assemblages. The alteration of pyrite to magnetite (see Figure 17) is also common in this 
region.  
Samples from GN-II comprise medium-grained (~0.5 – 4mm) gabbronorite. 
Pronounced igneous foliation is defined by oriented euhedral plagioclase laths in some 
samples. Localized patches of chlorite and the alteration of plagioclase to clinozoisite are 
locally present. Accessory minerals associated with the sulfide assemblages in this 
region include hornblende, apatite, titanite, ilmenite, magnetite, and Cu-Fe-oxide in 
association with chalcopyrite.  
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Figure 19: Sphalerite-bearing vein through plagioclase crystal. Vein comprises calcite (Cal) and 
hornblende (Hbl), rimmed by silica (Qz) and contains a grain of sphalerite (Sp). 
Some samples from GN-II show an assemblage comprising chalcopyrite 
surrounded by a Cu-Fe-oxide phase accompanied by localized alteration of the host 
plagioclase to chlorite and minor quartz. No Ti is present in the oxide phase (Figure 20). 
This has not been observed elsewhere in the complex. Sulfide assemblages in GN-II 
typically comprise the alteration of pyrite to magnetite and of chalcopyrite to Cu-Fe-
oxides, although some pristine and hydrous-associated sulfide assemblages are also 
present in GN-II. 
4.3.1.3 Middle Banded Series 
This section is based on two undergraduate theses carried out in part under my 
direction. 
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Figure 20: High-temperature alteration of chalcopyrite (Ccp) to Cu-Fe-oxides (CuFe – delafossite?). 
Surrounded by plagioclase and orthopyroxene, showing little silicate alteration. 
4.3.1.3.1 Olivine-bearing Zones III and IV 
A total of 33 samples from OB-III, OB-IV and AN-II were collected from the 
Contact Mountain - Chrome Mountain section and from Picket Pin Mountain. 
Petrographic, microprobe and whole rock analyses were carried out on 27 of these 
samples. Samples comprise troctolite, anorthosite, gabbronorite, olivine gabbro and 
gabbro. Plagioclase is present in all samples, with most also containing clinopyroxene 
and minor orthopyroxene. Troctolitic samples contain (largely serpentinized) olivine 
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with pyroxene rims. Olivine gabbro contains smaller olivine crystals which display less 
alteration.  
A study was carried out (Ferguson, 2014; Ferguson et al., 2013) on the 
distribution of sulfide minerals and base metals throughout the Olivine-bearing Zones 
of the Middle Banded Series. Four sulfide minerals are present in samples from the MBS: 
pyrrhotite, pentlandite, chalcopyrite and pyrite. Every sample contains at least one 
sulfide mineral and some contain multiple minerals in either single-phase or multiphase 
assemblages. The total sulfide areal percentage of the samples varies over 4 orders of 
magnitude but does not exceed 0.02%. Pentlandite is always found in association with 
other sulfide minerals, while pyrite, pyrrhotite and chalcopyrite may be present as 
single-phase assemblages. 
Sulfides throughout the MBS are both interstitial to and included within silicate 
minerals. Included sulfides show lesser degrees of alteration than some interstitial 
sulfide assemblages: any assemblage including greenschist-facies minerals, or large 
regions of alteration in the surrounding silicate minerals was discounted from the 
analyses. Included sulfides are commonly mantled by magnetite, showing no alteration 
in the host plagioclase (as seen throughout the Stillwater Complex). Gabbroic samples 
commonly contain higher proportions of the Fe-sulfides (pyrrhotite and pyrite) than the 
 100 
 
other base metal sulfides. In contrast, troctolitic samples have a higher proportion of 
chalcopyrite than gabbroic samples.  
Whole rock data shows a positive correlation of Cu with both Zn and Ni, with 
Cu ranging from 11.8 to 110.2ppm, Zn from 10.2 – 39.5ppm and Ni from 17.2 – 
293.7ppm. Both Cu and Ni show positive correlations with total sulfide, but Ni shows a 
stronger trend. Whole rock NiO was used to calculate the expected proportions of 
pentlandite throughout the MBS, which was then compared to observed values. The 
expected values (ranging from ~30 to 67%) are commonly higher than the observed 
values (ranging from ~8 – 61%). Present-day S data from Keays et al. (2012) and from this 
study (Ferguson, 2014) fall below the S content at sulfide saturation (SCSS) line as 
calculated after (Li & Ripley, 2009) using the whole rock composition of MBS rocks and 
temperature and pressure parameters from (Helz, 1995). 
4.3.1.3.2 Anorthosite Zone II 
Samples from AN-II were collected from talus slopes at the base of Picket Pin 
Mountain. All samples comprise anorthosite (>90% plagioclase feldspar), but half are 
pure anorthosite (denoted ‘px-poor’), and half contain ~10% clinopyroxene oikocrysts 
(‘px-rich’). In general, px-rich samples show much less greenschist-facies alteration than 
px-poor samples, in which chlorite, epidote and clinozoisite are present as a product of 
plagioclase and titanium oxide alteration. The majority of sulfides in both types of 
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anorthosite are pyrite, although rare chalcopyrite, pentlandite, native copper and native 
gold are observed in the least altered samples. Px-poor samples only contain pyrite and 
rare chalcopyrite.  
A study was carried out (Lehrer, 2012; Lehrer et al., 2011) on the differences in 
occurrence of sulfides and oxides between the pure anorthosites (px-poor) and the 
pyroxene-bearing (px-rich) anorthosites of AN-II. Both px-rich and px-poor anorthosites 
display the alteration of sulfides to secondary oxides, as evidenced by secondary oxides 
surrounding smaller sulfide cores. All samples contain more secondary oxides than 
sulfides. Sulfides included within plagioclase crystals (included sulfides) overall show 
less secondary oxidation than interstitial sulfides. Sulfides located between silicate 
crystals (interstitial sulfides) usually have a greater surface area than included sulfides. 
Px-rich anorthosites contain more included sulfides and secondary oxides than 
interstitial sulfides and their associated oxides. Conversely, interstitial sulfides and 
associated oxides were more common in px-poor samples. Pyroxene-rich samples 
displayed a wider range of metallic elements overall, although pyroxene-poor samples 
contained a higher total weight percent of metallic elements. For example, small 
amounts of pentlandite, native gold and native copper were present in px-rich samples, 
but were absent from px-poor anorthosites. 
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Pyroxene-bearing samples showed a lesser degree of low-temperature silicate 
alteration than their pyroxene-free counterparts. Interestingly, chlorite, epidote and 
other greenschist minerals are not observed in direct association with the sulfide-oxide 
assemblages.  
4.3.1.4 Upper Banded Series 
The ‘mixed zone’ between GN-III and the underlying OB-V shows ‘soft-sediment 
deformation’ features. Samples from this mixed zone comprise poikilitic, coarse 
crystalline gabbronorites with a foliation, well defined by plagioclase laths. In both 
transmitted and reflected light, alteration of sulfide minerals to magnetite is evident, 
with no associated secondary alteration of the surrounding silicate minerals. Localized 
alteration of plagioclase to clinozoisite is present. Samples from the upper portion of 
GN-III comprise fine-grained (<0.5mm crystals) adjacent to very coarse grained (0.5 – 
8mm crystals) gabbronorites with no obvious foliation. Pegmatites and veins of 
amphibole are common. Accessory minerals associated with the sulfide assemblages in 
GN-III include hornblende, apatite, titanite, ilmenite, magnetite, millerite and native 
gold. All sulfide assemblages in GN-III show the alteration of pyrite to magnetite. 
4.3.2 Sample alteration 
In an attempt to capture only the processes that occurred at high temperature, 
only the assemblages showing little to no secondary alteration of silicate minerals were 
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included in analyses. Assemblages showing ‘little alteration’ are defined as those in 
which the area of associated alteration minerals is smaller than the area of the sulfide 
minerals. Any greenschist-facies assemblages such as those described by Li and Ripley 
(2006), which include minerals such as epidote, chlorite, or clinozoisite (see Figure 21) 
were excluded from the results below and are not addressed in the discussion.  
 
Figure 21: Greenschist facies alteration assemblage comprising a multiphase sulfide (pyrite, pentlandite, 
chalcopyrite) hosted in plagioclase altered to clinozoisite with accessory chlorite, quartz and calcite. 
4.3.3 Stratigraphic sulfide trends 
Figure 22 shows the proportions of sulfide minerals and the total % sulfide for 
samples throughout the stratigraphic section. Also plotted are major element data 
obtained by XRF, with major element data from Keays et al. (2012) plotted for reference 
(small black circles). Other columns show apatite composition data from (Boudreau et 
al., 1997), and distribution of apatite and biotite in association with sulfide assemblages 
(this study). Sulfide proportions were calculated by measuring the two-dimensional 
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surface area of each sulfide mineral occurrence within a thin section and dividing it by 
the total surface area of all the sulfides within the sample. The total percentage of 
sulfides in each sample was calculated by measuring the total surface area of all the 
sulfides in a sample and dividing it by the total area of the sample surface area. Since 
random cuts were chosen for the thin sections, these calculations are deemed to be 
appropriate estimates of the values in the three dimensional rock samples. Large filled 
data points show samples with no obvious silicate alteration, while large open data 
points show samples with a small degree of silicate alteration in association with sulfide 
assemblages. 
The sulfide proportions column shows that pentlandite increases upwards from 
the base of PZ to G-unit, paralleling the increase in Cl-content of apatite. There is also a 
concurrent decrease in total sulfide content through this section. Pentlandite is dominant 
throughout the PZ but decreases upwards through the BZ. Pentlandite has peaks at the 
top of the BZ, at the top of GN-I, above the reef in OB-I and in AN-I. Pentlandite is 
generally present throughout the stratigraphy in small amounts, with the exception of 
samples from GN-III where pentlandite is completely absent. 
Chalcopyrite is ubiquitous throughout the section, though its proportions are 
highly variable, with peaks in the middle of GN-I, the top of OB-I, throughout OB-III 
and the upper part of OB-IV. Pyrrhotite is most prevalent in the lower BZ, lower GN-I, 
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OB-I immediately below the reef, throughout N-II, the base of OB-IV and through GN-
III. Conversely, pyrrhotite is almost completely absent from the middle of N-I, the 
middle of GN-I, GN-II and portions of OB-III and OB-IV. Pyrite is found throughout the 
section but is least common in the ultramafic series and in N-II. It is most prevalent in N-
I, upper GN-I, GN-II and lower OB-IV.  
4.3.4 Bulk composition data  
The Mg number was calculated directly from the major element data obtained by 
XRF analysis for the bulk samples. The numbers obtained are in agreement with those 
obtained by Keays et al. (2011) which are plotted for comparison. The anorthite numbers 
were obtained by calculation of the CIPW Norm. As a result, the An numbers of the 
ultramafic series are slightly higher than the microprobe values of Raedeke (1982). This 
is presumed to be due to some Al being present in the pyroxenes of the ultramafic series, 
which has been calculated by the norm to be included in the plagioclase instead.  
Figure 23 shows the sulfide proportions and total % sulfide throughout the 
stratigraphy, plotted against trace element data for Cu, as obtained by XRF. Trace 
element data for Cu, Pt, Pd and S from Keays et al. (2011) are plotted for comparison 
with our data. In general, Cu levels are lower below the reef than above. Our data are 
broadly consistent with those of Keays et al. (2011) with the  
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Figure 24: The ratio of Cu/Zn as a function of stratigraphic height. Values from potential parent magmas 
(dikes 2, 3 and 4; Helz (1985)) are given as dashed lines for comparison. 
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exception of one sample at the top of GN-II, which contains >300ppm Cu. This is 
intriguing, as this region is characterized by high pyrite proportions and little 
chalcopyrite, as shown in the sulfide proportions column.  
Figure 24 is a plot of Cu/Zn against stratigraphic height for this study’s samples. 
Below the reef the rocks maintain a relatively constant Cu/Zn ratio, showing a depletion 
in Cu. At the reef the Cu/Zn ratio increases and the rocks remain relatively Cu-enriched 
throughout the region above the reef. 
Figure 25 shows the ratio of S/P against stratigraphic height for rocks throughout 
the Stillwater Complex. Footwall rocks show a range in ratios (0.02 – 1.2), with the 
lowest ratios in the reef-level and Middle Banded Series rocks (0.002 to 0.23). Upper 
Banded Series and Lower Banded Series hanging wall rocks show highly variable S/P 
ratios (0.2 – 3.1) indicating that they are relatively S-enriched.  
Figure 26 shows the Cu/P ratio plotted as a function of stratigraphic height, with 
the Cu/P ratio of a possible parent magma to the Stillwater Complex (Helz, 1985) for 
comparison. Samples below the reef and samples from the Middle Banded Series 
generally show a depletion in Cu relative to P, while samples from the Lower Banded 
Series above the reef and from the Upper Banded Series generally show a Cu-
enrichment. 
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Figure 25: Plot showing S/P ratio against stratigraphic height. Values from potential parent magmas 
(dikes 3 and 4; Helz (1985)) are given as dashed lines for comparison. 
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Figure 26: Plot of Cu/P against stratigraphic height. Values from potential parent magmas (dikes 2, 3 and 
4; Helz (1985)) are given as dashed lines for comparison. 
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Figure 27: Contoured ternary diagram showing chalcopyrite, pentlandite and pyrrhotite proportions for 
each rock type in the Stillwater Complex. 
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Figure 27 shows contoured ternary diagrams of the relative chalcopyrite, 
pentlandite and pyrrhotite proportions for each rock type in the Stillwater Complex. The 
Gabbronorite Zones show a higher proportion of chalcopyrite than do other rock types. 
The Olivine-bearing Zones are also much less pentlandite-rich than the Peridotite Zone. 
4.3.5 Summary and comparison with other igneous intrusions 
Overall, the sulfide proportions throughout the Stillwater stratigraphy define 
two broad cycles of mineral assemblages. The base of the complex (PZ) is very Pn-rich, 
grading upward into a Po-rich assemblage (BZ). This is superseded by assemblages 
dominated by pyrite and chalcopyrite (N-I and GN-I). Then, at the top of GN-I to second 
cycle starts with a region rich in Pn, but this time in association with Py rather than Po. 
OB-I and N-II are dominated by Po, and by GN-II the assemblage is once again Py-
dominated. No samples are available for OB-II, AN-I or AN-II, but the samples from OB-
III and OB-IV are generally Ccp-enriched in comparison with the underlying rocks.  
4.3.5.1 Comparison with the Bushveld Complex, South Africa 
The Bushveld Complex is 2.0 Ga layered igneous intrusion in South Africa. 
Analyses of the major sulfides show a differentiation trend throughout the stratigraphy 
of the Bushveld Complex, from Ni-rich at the base, through Ni-Cu-rich in the Critical 
and Main Zones, to Fe-rich in the Upper Zone (von Gruenewaldt, 1979). Throughout the 
stratigraphy chalcopyrite is typically the only sulfide mineral present when sulfide 
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abundance is low (Liebenberg, 1970). The Bushveld Complex is widely accepted to be 
the most analogous intrusion to the Stillwater Complex, showing similar stratigraphy, 
similarly high levels of PGE in its major ore zone and similar presence of unusually Cl-
rich rocks below the reef. 
Sulfides in the ultramafic rocks of the Lower Zone are Ni-rich and Cu-poor 
(Liebenberg, 1970), show a typical magmatic assemblage of pyrrhotite, pentlandite and 
chalcopyrite (Von Gruenewaldt et al., 1989). In the upper chromitite layer of the Lower 
Zone, pentlandite is the most common sulfide, with bornite being the prevalent Cu-
bearing phase. This is attributed to serpentinization causing the release of Ni from 
olivine and converting the pyrrhotite-pentlandite-chalcopyrite assemblage to a 
pentlandite-bornite assemblage (Von Gruenewaldt et al., 1989). 
Above the Basal Zone pentlandite proportions decrease upwards, and 
chalcopyrite increases concurrently throughout the Critical Zone. At the Merensky reef 
there is a rapid increase in the proportion of pyrrhotite and chalcopyrite present relative 
to pentlandite (Liebenberg, 1970).  The modal sulfide proportions of the Merensky reef 
are ~53% pyrrhotite, 25% pentlandite and 22% chalcopyrite (Ballhaus & Ryan, 1995). 
Pyrite and cubanite rarely exceed 1%. The Bastard reef, which is part of the Merensky 
rock suite, but lies above the Merensky reef, comprises (in decreasing order) pyrrhotite, 
troilite, chalcopyrite, cubanite and pentlandite, all in close association with laminar  
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Figure 28: Comparison of sulfides in the Stillwater and Bushveld Complexes plotted against stratigraphic 
height and Mg number. Bushveld sulfide data after Liebenberg (1970) and Bushveld Mg# after 
(Cawthorn & Walraven, 1998). 
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graphite (Ballhaus & Stumpfl, 1985). The platreef lies at the top of the Critical Zone, but 
in the northern lobe of the Bushveld Complex. Here the rocks appear to record a change 
from a pyrite-rich to a pyrrhotite-rich environment during their crystallization. The 
lower 150m comprises 32% pyrite, 34% pentlandite, 17% pyrrhotite and 17% 
chalcopyrite. The upper portion of the platreef comprises 67% pyrrhotite, 21% 
pentlandite and 12% chalcopyrite (Gain & Mostert, 1982). Kinnaird et al. (2012) found 
that rocks of the Main Zone above the platreef contained pyrrhotite, pentlandite, 
chalcopyrite, pyrite and millerite. Chalcopyrite reaches a maximum below the Main 
Magnetite horizon, which lies between the Main Zone and the Upper Zone (Liebenberg, 
1970). 
The upper zone of the Bushveld shows a gradual increase in pyrrhotite from 55% 
at the base to 95% in the olivine diorite of subzone D, and a concurrent decrease in 
chalcopyrite from 40% to 3%. Pentlandite also decreases from 6% at the base to <1% in 
the olivine diorite (von Gruenewaldt, 1976). Pyrite is mainly a replacement of pyrrhotite, 
not a primary phase. Pentlandite decreases regardless of host rock composition. 
Sphalerite (associated with chalcopyrite) and magnetite (forms at edges of sulfide 
crystals) are the most abundant accessories.  
Kanitpanyacharoen and Boudreau (2012) investigated the trace sulfide 
assemblages found outside the PGE-enriched zones of the Bushveld complex, 
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particularly focusing on the Marginal to main Zones. They found pyrrhotite in 
association with Cl-rich apatite, calcite and Cr- and Ti-poor magnetite; an assemblage 
they interpret as resulting from high-temperature sulfur loss during the degassing of the 
interstitial liquid.  
Similarities between sulfides in the Bushveld and Stillwater Complexes include: 
(i) the Ni-rich nature of sulfides at the base of the complex; (ii) the ubiquity of 
chalcopyrite throughout the stratigraphy, and its prevalence higher in the complex (see 
Figure 28); (iii) the main sulfide concentrations (the Merensky and J-M reefs) are both 
marked by the reappearance of olivine as a major phase, both contain coarse-grained 
pegmatitic rocks, and both fall ~500m above the first appearance of plagioclase as a 
major phase (Campbell et al., 1983); (iv) there are lower S levels and high PGE 
concentrations below the reef; (v) there is evidence in both complexes for the interaction 
of the rocks with high-temperature volatile fluids, including Cl-rich hydrous minerals, 
potholes, pegmatoids, and high-temperature carbonates, as well as alteration of sulfides 
to magnetite (Godel & Barnes, 2008a; Keays et al., 2012; Polovina et al., 2004), suggesting 
that similar processes have occurred in the two intrusions. One difference is that while 
the sulfides of the Upper Zone of the Bushveld Complex are extremely Fe-rich (~95% 
pyrrhotite),the most Fe-rich sulfides in the Stillwater Complex fall in N-II, above the J-M 
reef. It should, however, be noted that the upper magmatic margin of the Stillwater 
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Complex is not exposed, so it is possible that this sulfide trend also occurs in the 
Stillwater, but is not accessible. 
4.3.5.2 Comparison with the Skaergaard Complex, Greenland 
The Skaergaard Complex is a 55Ma layered igneous intrusion in East Greenland, 
which is interpreted to represent a single pulse of magma which cooled and crystallized 
in a closed system. The sulfides of the Skaergaard Complex are much more copper-rich 
than those of the Stillwater Complex, commonly comprising magnetite and bornite with 
either chalcocite or digenite in the Middle Zone (Miller & Andersen, 2002; Rudashevsky 
et al., 2004). Minor amounts of chalcopyrite are present, with rare pyrrhotite and 
sphalerite. Native copper is present as small (<2μm) rare inclusions in sulfides 
(Andersen et al., 1998). Typical Fe-Ni-dominated sulfides such as pyrrhotite and 
pentlandite are absent (Wohlgemuth-Ueberwasser et al., 2007). Sulfides are commonly 
associated with H2O-bearing silicates which do not replace rock-forming silicates. The 
morphology of the sulfide aggregates can be irregular or rounded (Rudashevsky et al., 
2004).  
The Platinova reefs are situated in the triple group, in the upper portion of the 
Middle Zone. Below the triple group, sulfides are rare and generally small, but within 
and above the triple group sulfides are larger (~150-440μm) and more abundant (Turner, 
1986), comprising up to 0.5 modal % of the Platinova reefs (Bird et al., 1991). There are at 
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least ten Pd-enriched reefs (up to 5.1ppm), all of which are concordant with the layering 
of the triple group. The uppermost PGE-reef also contains up to 4.7ppm Au (Andersen et 
al., 1998). Sulfides in this region typically comprise bornite and magnetite with either 
digenite or chalcopyrite. Pyrrhotite and pentlandite are absent from the reefs, and pyrite 
occurs only in late-stage, hydrothermal veins. Idaite, covellite and cubanite occur as rare 
alteration products (Andersen et al., 1998). The UZ sulfide assemblage is dominated by 
pyrrhotite with minor chalcopyrite, marcasite and magnetite. The pyrrhotite is now 
altered to spongy-textured marcasite (Andersen, 2006; Andersen et al., 1998).  
As mentioned above, the Skaergaard sulfide assemblages are interpreted 
(Andersen, 2006) as having formed from a primary pyrrhotite-chalcopyrite assemblage, 
through S-loss to a hydrothermal fluid, and subsequent Cu-reequilibration with mafic 
silicate minerals. It should be noted that halogen geochemistry has shown the 
Skaergaard Complex to be much less Cl-rich than the Bushveld or Stillwater Complexes 
(Boudreau et al., 1986). Andersen (2006) notes that sulfur appears to have been lost from 
the lower and middle portions of the complex, as seen from the bornite-magnetite-
digenite/chalcopyrite assemblages common throughout the Lower Zone and Middle 
Zone. Equally, the assemblages of the Upper Zone (pyrrhotite with minor chalcopyrite, 
marcasite and magnetite) could be explained in terms of a sulfur-gain from an upward-
moving fluid. He also postulates that Cu was included into mafic minerals (especially 
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augite) during crystallization of the Lower Zone and Middle Zone, and that upon 
cooling the Cu reequilibrated with coexisting sulfide phases, resulting in a particularly 
Cu-rich sulfide assemblage. Interestingly, the gabbronoritic zones of the Stillwater 
Complex also show a higher proportion of chalcopyrite than the noritic, olivine-bearing, 
peridotite or bronzitite zones (see Figure 27), which could be explained by the initial 
incorporation of Cu into clinopyroxene and later reequilibration to produce more Cu-
enriched sulfides. 
The sulfide assemblages of the Stillwater Complex are therefore very different 
from those of the Skaergaard, in that they are much less Cu-rich. While the Skaergaard 
sulfides show an up-section phase shift from Cu-dominated (bornite, digenite and 
chalcopyrite) in the MZ to pyrrhotite-dominated in the UZ, the Stillwater shows an 
upward decrease in pentlandite, and an upwards increase in S and Cu (pyrite and 
chalcopyrite). The increase in Cu upwards is reflected both in the proportion of 
chalcopyrite and in the bulk Cu levels, which are higher above the reef than below. 
Pyrite is also commonly found in assemblages without obvious secondary alteration of 
the associated silicate mineralogy in the Stillwater, while in the Skaergaard it is a purely 
low-temperature secondary phase. One commonality between the two intrusions is the 
association of sulfides with hydrous silicate minerals which are apparently not replacing 
the primary mineralogy. 
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4.3.5.3 Comparison with ocean crust gabbros 
Deepening of Ocean Drilling Project Hole 735B, which is located at the 
Southwest Indian Ridge, allowed recovery of samples of lower oceanic crust to >1500m 
below the seafloor. Analysis of the sulfide mineralogy and bulk rock compositions 
(Miller & Cervantes, 2002) has revealed that pyrrhotite, chalcopyrite, pentlandite and 
troilite are present throughout the stratigraphy. No apparent correlation of sulfide 
abundance was observed with either lithology or depth. Sulfide assemblages may be 
classified as either: armored sulfides, which are irregular to rounded, a few tens to a few 
hundred micrometers in size, multiphase globules, encased within silicate phases; 
similar globules hosted in brown amphibole at contacts between fresh igneous phases; 
or small single-phase secondary sulfides. The most common assemblages are those 
hosted by brown amphibole. 
Pyrrhotite is the most common igneous sulfide phase, with chalcopyrite, 
pentlandite, troilite, sphalerite and galena in order of decreasing abundance. Pyrite is 
the most common secondary sulfide phase. The intergrowth of pyrrhotite, chalcopyrite, 
pentlandite and troilite is most common in olivine gabbro sections containing fresh 
olivine. In rare samples, troilite is more common than pyrrhotite. Troilite is not present 
in samples containing only pyrrhotite or only pyrrhotite and chalcopyrite. A low-
temperature exsolution product, troilite is commonly present as lamellae in assemblages 
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containing pyrrhotite, chalcopyrite and pentlandite. Miller and Cervantes (2002) infer 
that the common presence of troilite indicates that the sulfide assemblage precipitated 
from a magmatic system and the originally Fe-rich pyrrhotite underwent low-
temperature reequilibration to produce pyrrhotite and troilite.  
Unlike ocean crust gabbroic sulfides, Stillwater sulfides vary in both composition 
and abundance with stratigraphic height. Pyrite is also present in the Stillwater in 
assemblages without apparent secondary alteration of the silicate phases, while in the 
ocean crust pyrite is a purely secondary mineral and troilite is common, both suggesting 
that the Stillwater assemblages formed at a higher f(S2). Pentlandite is present only in 
low abundances in the ocean crust, but is a major constituent of Stillwater sulfide 
assemblages, especially in the UMS. 
4.3.5.4 Comparison with MORB 
Mid-ocean ridge basalt (MORB) sulfides occur as spherical globules (ranging 
from 2 – 600 μm in diameter) in the glass or phenocrysts of mid-ocean ridge pillow 
basalts (Mathez, 1976; Peach et al., 1990; Roy-Barman et al., 1998). Globules have 
characteristic scalloped and embayed edges. The only metals present are Fe, Cu, Ni and 
sometimes Co, but never Zn (Francis, 1990). The most important phases in the globules 
are monosulfide solid solution (mss, which is a Ni-bearing pyrrhotite) and intermediate 
solid solution (iss, which comprises chalcopyrite and cubanite). Pentlandite is sometimes 
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present but never pyrite. Small grains of Fe-oxide, probably magnetite, are commonly 
disseminated throughout sulfide globules (Francis, 1990; Peach et al., 1990). Unlike the 
Stillwater Complex, Fe-oxides are primary and not secondary. 
When compared with ocean crust gabbro sulfides, MORB sulfides represent 
primary magmatic sulfides which did not have time to evolve and equilibrate. 
Therefore, ocean crust sulfides comprise pentlandite, pyrrhotite, chalcopyrite and 
troilite, while MORB sulfides comprise mss (Ni-rich pyrrhotite), iss (which exsolved 
chalcopyrite and cubanite upon cooling) and minor pentlandite. Possibly through 
equilibration with surrounding silicate phases, minor sphalerite and galena are also 
present in ocean crust gabbro sulfide assemblages, but never in MORB assemblages. 
Stillwater sulfides are commonly rounded in shape despite being interstitial to 
silicate minerals. They normally comprise some combination of pyrrhotite, chalcopyrite, 
pyrite and pentlandite, with occasional sphalerite. Cubanite is never present. Stillwater 
sulfide assemblages are therefore less Cu-rich and more Zn and S-rich than MORB 
assemblages. Multiphase sulfide aggregates from the Stillwater range in size from ~40 to 
several hundred μm. 
4.3.5.5 Summary of comparisons 
In summary, the sulfide assemblages described from the Stillwater Complex are 
most similar to those of the Bushveld Complex in that chalcopyrite is generally variable 
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but increases upsection, Ni-rich sulfides are most common in the lower portion of each 
complex, and the S content decreases immediately below the major ore zone (Merensky 
and J-M reefs). Stillwater sulfide assemblages are generally less Cu-rich than those of the 
Skaergaard Complex and MORB sulfides. Pyrite is present in assemblages that do not 
show secondary alteration in the Stillwater Complex, unlike the Skaergaard Complex, 
oceanic crustal gabbros and MORBs, where pyrite is always associated with secondary 
silicate alteration. Also, magnetite is primary in MORB assemblages but commonly 
found in secondary assemblages in the Stillwater Complex, suggesting the Stillwater 
Complex formed under relatively high f(S2) but low f(O2) conditions. In all of the above-
described assemblages sulfides are commonly present as interstitial globules. 
4.4 Discussion 
4.4.1 Summary of sulfide assemblages 
4.4.1.1 Pristine and hydrous-associated 
The ‘pristine’ and multiphase nature of many of the sulfide assemblages could 
suggest that they are of primary high-temperature igneous origin. The rounded 
morphology commonly displayed by these sulfides has been interpreted by many 
authors (e.g. (Barnes & Naldrett, 1985; Prichard et al., 2004) as indicative that a sulfide 
liquid separated from the silicate magma in the chamber, although they could also form 
by evolution of the interstitial liquid. The interpretation of ‘pristine’ sulfides as being of 
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primary origin is contested by Fleet (1986) who argues that the rounded nature of 
sulfides, causing embayments in the host silicate minerals, represents the progressive 
metasomatic replacement of pre-existing silicate minerals by sulfides rather than an 
equilibrium crystallization relationship. He cites experimental evidence that mafic 
minerals naturally crystallize euhedral grain boundaries against sulfide liquid (Fleet & 
MacRae, 1983; MacLean, 1969), rather than an embayed boundary, which has been 
experimentally shown to be formed through the dissolution of silicate by sulfide (Fleet, 
1986). That a rounded sulfide morphology may not definitively indicate primary sulfide 
origin is supported by Andersen (2006) who modeled the Skaergaard sulfide 
assemblages and determined that the Cu-rich assemblage contains too little S for sulfide-
saturation to have ever taken place. He concluded that, despite the rounded morphology 
of the sulfides, extensive sulfide recrystallization and S-loss has occurred, and that 
morphology is therefore not necessarily a reliable indication of sulfide origin. In 
contrast, rounded sulfide globules from MORB glassy chilled margins are universally 
interpreted as primary in origin.  
Barnes and Naldrett (1986) state that the presence of sulfide globules as 
inclusions in olivine and orthopyroxene (also seen in sulfur-poor rocks both above and 
below the reef) is irrefutable evidence of cumulus sulfides at reef level. We postulate that 
inclusion of small sulfide grains into silicates can occur through late stage processes such 
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as crystallization of the interstitial liquid, crystal growth by crystal aging, and volatile-
induced incongruent melting, so inclusion in silicates is not necessarily evidence of 
cumulate sulfide (Boudreau, 1995; Brugmann et al., 1989; McBirney & Russell, 1987). 
The presence of hydrous igneous minerals (biotite, apatite) in the hydrous-
associated assemblages lends credence to their formation at near-magmatic 
temperatures and in the presence of a volatile fluid or a volatile-bearing silicate liquid. 
That the carbonates commonly present in these assemblages may display exsolution 
(calcite exsolving from dolomite) indicates the interaction of carbonic fluids in the latter 
stages of Stillwater crystallization (Chapter 3, this dissertation). The intimate association 
of these carbonates with sulfide minerals suggests a role for fluids in the transport and 
formation of the sulfides. This is supported by the fluid inclusion studies of Hanley et al. 
(2008) who found evidence for a coexisting carbonic fluid and brine in GN-I. If a 
carbonate melt had produced the observed features we would expect to see excess 
apatite in association with the carbonates, as observed in mantle carbonate-bearing 
xenoliths (e.g. Ionov et al. (1996 )). Interstitial chlorapatites are ubiquitous in the 
Stillwater below the J-M reef but do not show strong correlations with the carbonate-
bearing assemblages. Carbonatite melt inclusions would also be expected in addition to 
the fluid and halide melt inclusions. Hanley et al. (2008) observed accidentally trapped 
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calcite crystals, suggesting the presence of calcite as a crystallizing phase during 
formation or recrystallization of the host olivine. 
4.4.1.2 Native Copper 
Native Copper is found in GN-I, in association with Py, Pn, Po and high-
temperature carbonates. A review of the literature reveals that native copper is 
commonly the product of supergene alteration, and forms under highly reducing 
conditions (Bai et al., 2000; Chamberlain et al., 1965; McCallum et al., 1976; Puchelt et al., 
1996). In the Skaergaard Complex it has been observed in association with chalcocite, 
hosted by magnetite and in the absence of any other sulfide minerals (Wager et al., 
1957). This assemblage represents the alteration of chalcopyrite to native copper and 
magnetite, with bornite and chalcocite as intermediate phases, a process that would 
require a strongly reducing, or a S-undersaturated environment (Sikka et al., 1991; 
Zhang et al., 2006). In the Stillwater Complex, native copper is in association with pyrite, 
and with high-temperature carbonate minerals, suggesting that it formed under neither 
reducing nor S-undersaturated conditions. This may suggest multiple phases of sulfur 
remobilization.  
4.4.1.3 Vein Assemblages 
A sphalerite crystal is observed in a calcite-hornblende vein through a 
plagioclase crystal in GN-I. The hornblende composition of the vein amphibole, 
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combined with the thin layer of quartz lining the vein, and the lack of low-temperature 
alteration in the plagioclase, indicates that this is a high-temperature assemblage.  
Sphalerite is also observed elsewhere in the complex (upper OB-I, upper GN-I, upper 
BZ, and throughout the PZ), but it commonly comprises a minor portion of a large 
multiphase sulfide, along with pentlandite, chalcopyrite, pyrrhotite and pyrite. As it is 
difficult to explain this texture by purely magmatic processes, this assemblage is 
interpreted to represent an evolving carbonic, S-rich fluid in which Zn has been 
concentrated and is now reprecipitated as sphalerite in association with calcite. 
4.4.1.4 Desulfidation 
The conversion of pyrite to magnetite is observed throughout the stratigraphy, 
though is most common in GN-II. The Ti-poor nature of the resultant oxides indicates 
that these are not the primary igneous oxides that crystallized from the sulfide melt 
(Dare et al., 2012; Larocque et al., 2000). Their formation at high-temperature is suggested 
by the lack of silicate alteration in association with the assemblages.  
Although pyrrhotite is more common than pyrite throughout the stratigraphy, it 
is pyrite that is being converted to magnetite. Pyrite and pyrrhotite can exsolve from 
mss (monosulfide solution: an Fe-Ni-rich sulfide phase that evolves into pyrrhotite, 
pyrite and pentlandite at lower temperatures) at temperatures below 743°C (Liebenberg, 
1970), but only at 200-300°C does mss break down to allow pyrite to coexist in 
 129 
 
equilibrium with chalcopyrite and pentlandite (Craig, 1973; Misra & Fleet, 1973; 
Naldrett, 2004). This assemblage could be interpreted to represent multiple stages of 
remobilization: sulfur may have been initially added to the system, causing the 
precipitation of a sulfur-rich sulfide assemblage. Subsequent degassing of this region 
would then have removed the soluble elements from any remaining interstitial liquid 
and caused partial desulfidation of the sulfides present in the area. Pyrite-magnetite 
assemblages are present throughout the stratigraphy, which could be explained by 
volatile-induced zone-refining. 
The conversion of chalcopyrite to Cu-Fe-oxides occurs in GN-II only. The lack of 
silicate alteration associated with the chalcopyrite – Cu-Fe-oxide assemblages suggests a 
high-temperature environment for this reaction. The only known minerals containing 
only Cu, Fe and O are cupric ferrite, cuprospinel and delafossite. Since cuprospinel is 
only found in ore dumps on mining property and forms as a by-product of mineral 
extraction processes (Anthony et al., 1997), it seems likely that the chalcopyrite is being 
converted to delafossite. Delafossite can be primary in origin, or secondary as a product 
of chalcopyrite oxidation (Duggan, 1986; Ramadan & Kontny, 2004). The investigations 
of McKinstry (1959) indicate that the associations and  natural conditions of stability of 
delafossite were not well understood and little investigation into the natural occurrences 
of the mineral appears to have been carried out since.  
 130 
 
Evidence for loss of sulfur is present in the Skaergaard in that the present-day 
sulfur levels are too low to have supported sulfide-saturation in the magma chamber, 
even though the Au-Pd-enriched Platinova reef occurs with Cu-Fe minerals and is 
coincident with changes in the total S concentrations and a change in the Cu/S ratio. 
Andersen (2006) suggests that the present bornite-magnetite assemblage derived from a 
primary pyrrhotite-chalcopyrite assemblage through postmagmatic oxidation by 
upward migrating volatile fluids, and the local reequilibration of small amounts of Cu 
from mafic silicate minerals into the remaining sulfides. If S-loss may occur on an 
intrusion-wide scale in a relatively sulfide-rich environment, sulfur-loss to an upwards-
moving fluid is also tenable throughout the Stillwater Complex. 
It has been suggested (Boudreau & McCallum, 1986a) that the Picket Pin PGE 
deposit situated in the upper portion of AN-II formed through the degassing of AN-II. 
This is supported by the presence of discordant ‘pipes’ of disseminated sulfides leading 
upwards, which could represent fluid channelways, as well as the association of sulfides 
with late-forming minerals and the Cu-rich nature of the sulfide assemblage. Pyroxene-
bearing anorthosites in AN-II show less alteration, fewer interstitial sulfides, a greater 
proportion of included crystals, and a broader range in metallic elements than their 
pyroxene-free counterparts. This correlation suggests that the early growth of interstitial 
pyroxene armored and protected sulfides against high-temperature desulfurization due 
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to degassing.  It is suggested (Lehrer, 2012) that plagioclase and (included) sulfides 
initially co-crystallized, with clinopyroxene beginning to crystallize and fill interstitial 
spaces at a later stage. Lehrer (2012) proposed a model comprising two alteration events: 
the first would have been a high-temperature desulfurization event in which pyrrhotite 
was converted into Ti-poor magnetite, with little effect on the surrounding silicates. The 
second alteration event would have comprised the low temperature, greenschist facies 
alteration of sulfides to pyrite, with concurrent low-temperature alteration of the 
surrounding silicates. 
These assemblages indicate degassing of the crystal-liquid mush, which is 
consistent with both the orthomagmatic and hydromagmatic models. The volatile fluids 
of the hydromagmatic model are essentially produced through degassing at the base of 
the crystal pile, but rather than escaping the complex completely, they travel upwards 
into hotter rocks and are redissolved. An orthomagmatic explanation for the conversion 
of sulfides to magnetite is suggested by Godel and Barnes (2008a) who propose that 
instability within the magma chamber during cooling can trigger desulfidation of sulfide 
minerals, possibly due to the percolation of a S-undersaturated fluid through pathways 
opened by the magma chamber instability.  
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4.4.2 Comparison with the orthomagmatic model 
As seen in Figure 23, concentrations of S throughout most of the Stillwater rocks 
are lower than the expected sulfur content at sulfide saturation calculated by Li et al. 
(2001b) for the evolution of a layered igneous intrusion by fractionation. In addition, the 
data of Keays et al. (2012), also plotted on Figure 23, show that the average S contents 
below the reef (0.01 – 0..02 wt%) are less than the concentrations commonly cited for S-
saturated basaltic magmas (0.05 - 0.15 wt%; Todd et al. (1982)).  
If the magma chamber was not sulfide-saturated, the rocks should contain 
constant ratios of both S/P (Figure 25) and Cu/P (Figure 26), as these elements are mostly 
incompatible so will be present primarily in the interstitial liquid. Although the Cu, S 
and P concentrations will depend on the amount of trapped liquid present, the ratio 
should remain constant and equal to that of the parent magma until the magma becomes 
saturated in one or other. If the rocks became S-saturated at the reef, the ratio 
throughout the hanging wall rocks should be constant but lower than that of the parent 
magma. However, the observed S/P ratios are very variable throughout the complex and 
especially variable in reef-level and Middle Banded Series rocks. This may indicate S-
loss from these portions of the complex. Likewise, a variable ratio between Cu and P is 
seen below the reef, which is generally Cu-depleted with respect to values for a possible 
parent magma (Helz, 1985). The rocks in the Lower Banded Series above the reef are 
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generally Cu-enriched relative to the parent magma values. This upwards-enrichment in 
Cu may indicate loss of Cu below the reef. The data in Figure 26 are otherwise difficult 
to explain by trapped liquid alone. 
Trace element compositional data indicates that the Cu/Zn ratio (Figure 24) is 
relatively constant in the rocks below the reef, with a depletion in Cu relative to Zn. 
Experimental data from MacLean and Shimazaki (1976) reveals that the Fe-sulfide 
liquid/Fe-silicate melt partition coefficient for Cu is 50 and for Zn is 0.5, so Zn would be 
expected to be greatly enriched in a sulfide-saturated silicate melt compared with Cu, as 
shown by our data. However, the magma from which the footwall rocks of the Stillwater 
Complex formed is believed to have been sulfide-undersaturated. As both Cu and Zn 
are base metals which would be expected to behave geochemically similarly 
(Goldschmidt, 1954) and partition much more readily into sulfide minerals or Cl-bearing 
hydrous fluids than into silicate melt or minerals (Fleet et al., 1996; Kravchuk & Keppler, 
1994), their correlation would be expected throughout the stratigraphy. Conversely, our 
data show that the rocks above the ore zone have much higher Cu/Zn ratios, showing an 
enrichment in Cu throughout the hanging wall rocks. This decoupling in behavior of the 
chalcophile elements could be attributed to differences in crystal field energy splitting 
(Burns & Fyfe, 1964) between sulfide- and oxide-coordinated sites in the interstitial 
trapped liquids. The stabilization energy for Zn is zero, and thus it enters the tetrahedral 
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sites of oxides, rather than the higher-energy octahedral sites of sulfide minerals, which 
are more readily filled by metals such as Ni and Cu (MacLean & Shimazaki, 1976; 
Shimazaki & MacLean, 1976). It is also possible that the parent magma simply contained 
higher concentrations of Zn than Cu. 
The PALLADIUM model (Boudreau, 2004b) was used to model the growth and 
compaction of a crystal pile (see Figure 29). The program uses simple partitioning 
behavior between a silicate liquid, silicate minerals, immiscible sulfide liquid and Pd 
metal, coupled with heat and mass transport equations over time. Input values for each 
of the parameters are given in Appendix E (Table 6). Outputs include: the relative 
proportions of the sulfide phases (pyrrhotite, chalcopyrite, pentlandite, chalcocite); the 
weight fractions of both the silicate and sulfide liquids; the compaction velocity of the 
solid and liquid in the compacting portion of the mush; the temperature profile; and the 
concentrations of Cu, Ni, Si, and Pd. Each of these parameters is calculated at different 
time steps, producing a model which shows the evolution of the crystal pile over time. 
As modeled using the PALLADIUM program (see Figure 29), the proportion of 
chalcopyrite in the interstitial sulfides would be expected to remain relatively constant 
in the silicate magma, as Cu is incompatible with respect to silicate minerals so the Cu/S 
ratio would remain constant until sulfide-saturation occurs. As observed in Figure 29a, 
the proportion of chalcopyrite in the mush zone before sulfide-saturation (at 3002 years) 
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is higher immediately below the mush-melt boundary than immediately above the 
mush-rock boundary. This is due to a dilution process: at the top of the mush zone the 
formation of a small amount of sulfide will remove most of the Cu from the melt, and as 
more sulfides form, there is little available Cu remaining so pyrrhotite is the primary 
sulfide phase to form, decreasing the proportion of chalcopyrite in the region, but not 
the volume. An increase in chalcopyrite proportion would be expected at reef level, due 
to the interaction of the sulfide melt with a large volume of silicate magma, giving a high 
R-factor. An upwards-decrease would be expected thereafter as Cu is removed from the 
silicate melt by sulfide precipitation. However, although chalcopyrite is ubiquitous 
throughout the stratigraphy (Figure 29c), its proportions are highly variable and Cu is 
generally enriched in the olivine-bearing zones. This is also reflected in the Cu content of 
the samples as measured by XRF, which show that Cu levels are higher above the reef 
than below. The variability in Cu contents throughout the section is difficult to explain 
by magmatic processes alone.   
A comparison of Figure 23 with Figure 29 shows that the sulfides near the base of 
the PZ are generally as expected: roughly equal proportions of chalcopyrite, pentlandite 
and pyrrhotite. Overall pentlandite shows an upwards decrease, which is consistent 
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Figure 29: PALLADIUM model results for the crystallization of a magma chamber at the three intervals: 
(a) 3002; (b) 3513 and (c) 6012 years. The horizontal dashed line at 380m in (b) and (c) represents the 
stratigraphic height of sulfide-saturation. The five columns represent: (1) the weight fraction (f) of the 
silicate liquid, and sulfide liquid (sulfide defined on the lower scale); (2) the compaction velocity of the 
solid and liquid in the compacting part of the mush; (3) the temperature profile; (4) the concentration of S 
(solid line), Ni (dotted line), Cu (short dashed line) and Pd (long dashed line). Metal concentrations are 
plotted relative to their starting concentrations and S is relative to the sulfur concentration at sulfide 
saturation; (5) the relative proportions of pentlandite (Pn), chalcopyrite (Ccp) and pyrrhotite (Po) in the 
sulfide assemblage. 
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with the modeled sulfide proportions (Figure 29), and is due to the incorporation of Ni 
into crystallizing olivine. However, pentlandite proportions are too high in the middle 
of the PZ to be explicable by purely magmatic processes. 
Using a olivine/silicate liquid partition coefficient for Ni of 5.9 (Gaetani & Grove, 
1997) and the NiO content of olivines from the Peridotite Zone (Raedeke, 1982) we can 
calculate that the silicate magma in equilibrium with the olivines would have contained 
~440ppm Ni. Using a sulfide liquid/silicate liquid partition coefficient for Ni of 500 
(Peach et al., 1990) we can calculate that about 22% of the resultant sulfide liquid would 
comprise Ni, and this would crystallize to form a sulfide assemblage containing ~63% 
pentlandite. 
The high pentlandite proportions in the middle of the PZ in comparison with 
those predicted by both the PALLADIUM modeling (~25%) and by calculation from 
olivine NiO contents (~63%) indicate that this region may have undergone subsolidus 
reequilibration between olivine and sulfides; that compaction removed the excess 
trapped liquid, preventing the crystallization of pyrrhotite and chalcopyrite which 
would normally dilute the pentlandite-rich assemblage; or that the more soluble 
elements have been remobilized upwards by a volatile fluid. 
In the case of subsolidus reequilibration, Ni would have been removed from the 
olivines and resorbed into the sulfide phases, either converting existing pyrrhotite to 
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pentlandite (<300°C), or producing Ni-enriched monosulfide solid solution (>300°C). 
However, if subsolidus reequilibration had occurred between olivine and sulfides, high 
proportions of pentlandite should be observed in all samples containing abundant 
olivine, and this is not the case in the Stillwater Complex. Although data from Raedeke 
(1982) reveal that olivine in the higher-level olivine-bearing zones shows only a very 
slight decrease in NiO contents from the PZ olivines (PZ average: 0.26 wt %; OB-I 0.28; 
OB-II 0.22; OB-III 0.23; OB-IV 0.19; OB-V 0.22), peaks in pentlandite proportions do not 
coincide with the olivine-bearing zones. The disconnect between the Ni-content of 
olivine and the pentlandite-rich assemblage provides evidence that the assemblage was 
not produced solely as a product of compaction. It could also be that the simple 
portioning model applied here for Ni breaks down when the sulfide contains too much 
of either component. 
In the case of upwards remobilization by a volatile fluid, evidence for such a 
fluid would be expected. The prevalence below the reef of Cl-enriched apatites, 
pegmatoidal textures, high-temperature carbonates and fluid inclusions all indicate the 
presence of such a fluid. The increase of pentlandite upwards from the base to the 
middle of the PZ coincides with an increase in Cl-contents of apatites in the same region 
(Figure 22), which suggests the removal of more soluble sulfide elements, leaving a 
sulfide assemblage dominated by Ni and Fe and relatively depleted in S and Cu.  
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4.4.3 Comparison with the hydromagmatic model 
If volatiles were involved in the PGE-enrichment of the J-M reef, there should be 
evidence for high-temperature fluids below the reef in the form of pegmatites and fluid 
inclusions; and sulfides should be typically associated with hydrous igneous minerals 
such as biotite, apatite and hornblende. In terms of sulfide mineral proportions, 
enrichment in chalcopyrite and pyrite might be expected up-section as Cu, S and other 
soluble elements are remobilized upwards. Equally, evidence for the high-temperature 
desulfidation of sulfides might be expected throughout the stratigraphy. 
An upward increase in pentlandite proportion from the base of PZ to the G-Unit 
is evident in Figure 22 . That the Pn increase parallels the upward increase in Cl-content 
of the apatites in that region could be explained by the separation of a Cl-rich volatile 
fluid from the interstitial liquid at the base of the complex. As the fluid gained volatiles 
from the surrounding interstitial melt, it became more Cl- and CO2-rich and its efficiency 
in transporting S and Cu increased, thus it removed increasing amounts of S and Cu 
from the rocks of the PZ. This is supported by the common occurrence of pyrite and 
chalcopyrite at the base of PZ and their decreased proportions upwards, as well as the 
decrease in total sulfide contents upwards through the lower PZ, resulting in much 
higher relative pentlandite proportions. 
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Although chalcopyrite is ubiquitous throughout the stratigraphy, its proportions 
are highly variable, and Cu levels are generally higher above the reef than below, 
possibly due to Cu-loss by fluid interaction. Pyrite is likewise found throughout the 
section but is rare in the ultramafic series and in N-II. The prevalence of pyrite up-
section (despite the upwards Fe-enrichment of the silicates) and the concurrent increase 
in Cu levels would support a model in which volatile-rich fluids remobilize the more 
soluble elements and transport them upwards in a zone-refining process. This would 
also explain the regions in which pyrite (S-rich) and chalcopyrite (Cu-rich) are almost 
absent, such as N-II, which could represent the start of a new zone refining sequence.  
The Cu/P ratios (Figure 26) of rocks throughout the stratigraphy show two broad 
cycles: rocks below the J-M reef and in the Middle Banded Series show Cu-depletion 
relative to values for a potential parent magma for the Stillwater Complex; while rocks 
from the Lower Banded Series above the J-M reef and from the Upper Banded Series 
show a Cu-enrichment. This could be due to vapor refining, remobilizing the more 
soluble elements upwards. The low Cu values in the Middle Banded Series could 
represent the beginning of a new cycle of vapor refining. 
Trace element compositional data from our samples show that rocks below the 
reef have a constant Cu/Zn ratio (Figure 24), which is to be expected since both Cu and 
Zn are base metals and behave geochemically similarly. Copper partitions much more 
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readily into sulfide minerals or Cl-bearing hydrous fluids than into silicate melt or 
minerals (Fleet et al., 1996; Kravchuk & Keppler, 1994), while Zn partitions more readily 
into silicate melt than sulfide melt (MacLean & Shimazaki, 1976). Conversely, the data 
from above the ore zone show higher Cu/Zn ratios. This difference in the behavior of the 
chalcophile elements could be due to the separation of the hydrous fluid into a brine and 
coexisting vapor phase. Heinrich et al. (1999) show that when a brine and vapor phase 
coexist, Cu, Au, As and S preferentially enter the vapor phase (presumably as HS 
complexes) while Zn, Fe, Mn, K, Na, etc are partitioned into the brine (presumably as Cl-
complexes). If the vapor phase were more readily lost from the top of the complex, this 
would cause both the S-loss recorded by the alteration of sulfides to magnetite, and the 
highly variable Cu contents above the reef. This would also explain the relative 
depletion of Cu from below the reef and enrichment above the reef. 
The variable ratios of S/P throughout the Stillwater Complex, but especially in 
the reef-level rocks (Figure 25) are consistent with loss of soluble elements such as S 
from the footwall of the Stillwater Complex. An upwards enrichment in S relative to P is 
recorded in the hanging wall. 
4.4.4 Proposed model for formation of observed assemblages 
The vapor-refining model of Kanitpanyacharoen and Boudreau (2012) for the 
Bushveld Complex has been modified to explain the sulfide assemblages and trends 
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observed in the Stillwater Complex. As shown in Figure 30, it is envisioned that CO2 
exsolved from the interstitial liquid at the base of the PZ during the latter stages of 
crystallization. This fluid traveled upwards through the crystal pile, gathering species 
 
Figure 30: Cartoon of ore element transport and remobilization at time steps t1 and t2 and formation of 
carbonate minerals. See text for discussion. 
such as Cl, CO2, H2O, S, Cu, Pt and Pd as it rose. As it became increasingly enriched in 
Cl and CO2, it would become increasingly efficient in sulfide dissolution, so it would 
strip some of the more soluble elements (S and Cu) from any sulfide assemblages 
already present in the PZ, possibly leaving a Pn-rich assemblage behind. It would 
continue upwards until it reached an area of melt sufficiently fluid-undersaturated for 
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the fluid to redissolve and drop its load, producing a metal-enriched front. The addition 
of the fluid-borne soluble elements to the melt would cause a local supersaturation in 
these elements, promoting sulfide liquid immiscibility. When the interstitial melt in this 
region eventually became vapor-saturated, it was more Cl- and CO2-rich than it would 
have been had previous enrichment not occurred. These stratigraphically higher 
interstitial melts would therefore degas at higher temperatures than those lower in the 
complex. The eventual degassing of the vapor-enriched zone would move the metal-
front progressively upwards.  
A vapor-refining system could thus produce Cu-S-rich phases (such as pyrite 
and chalcopyrite) upsection, and also cause their subsequent partial desulfidation, 
resulting in the pyrite-magnetite assemblages observed throughout the stratigraphy. 
Localized desulfidation by a carbonic fluid could also explain the association of native 
copper with carbonate minerals. The decoupling in distribution of IPGE (associated with 
chromitites in PZ) and PPGE (associated with sulfides in J-M reef and Picket Pin 
deposits) is also consistent with this model, as the PPGE are much more soluble in 
volatile-rich fluids than are the IPGE. By the time the mobilized metal-front was 
approaching the top of the crystal pile (interpreted to have occurred in GN-I) the area 
was very volatile-rich, resulting in assemblages such as hydrous-associated sulfides and 
carbonate-bearing assemblages.  
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When the fluid front reached the top of the crystal pile in upper GN-I and 
encountered the fluid-undersaturated main magma body, it would redissolve. More Ni 
would be available in the main melt body, which could be incorporated into the S-rich 
sulfide liquid to produce the Pn and Py-rich region at the top of GN-I. The addition of 
volatiles to the magma would cause partial remelting of the gabbronorite mush to 
produce an olivine-bearing assemblage (e.g. Boudreau (1999)), and inhibit new silicate 
mineral crystallization while the footwall continues to degas. The sulfides in OB-I and 
N-II would crystallize, and a new degassing cycle would begin, starting to reduce the 
Cu and S contents in OB-I, and leaving behind a Po-rich sulfide assemblage in N-II. By 
the time that GN-II was crystallizing, the volatile fluid would be rich in S and Cu, and so 
pyrite and chalcopyrite would be the prevalent sulfides in this region.  
We postulate that carbonates would be crystallizing from the volatile fluid at 
temperatures greater than 900°C (Chapter 3.4.2, this dissertation). Unmixing of the 
volatile fluid to produce a Cl-rich brine and a Cl-rich carbonic fluid (as recorded in fluid 
inclusion studies by Hanley et al. (2008)) occurred above 700°C, but both fluids 
continued to precipitate calcite until the Cl-rich brine eventually evolved to exsolve the 
halide melt inclusions. Vein assemblages such as the sphalerite-bearing calcite-
hornblende vein likely formed during circulation of the carbonic fluids at 550-750°C 
(Chapter 3.4.2, this dissertation). The interactions of any fluids remaining in the 
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intrusion as it cooled to lower temperatures would be difficult to distinguish from later 
alteration effects.  
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5. Conclusions 
The purpose of this study was to characterize the accessory mineral assemblages 
present throughout the Stillwater Complex and to thus assess the evidence in the light of 
a hydromagmatic and an orthomagmatic mode of formation. 
5.1 Carbonates 
Three main phases of carbonate genesis have been observed in the Stillwater 
Complex. High-temperature (~900°C) carbonates are associated with sulfide minerals, 
display exsolution of calcite from dolomite, have a reaction rim of Ca-rich, Mg-poor 
orthopyroxene, show no low temperature silicate alteration and are compositionally 
similar to mantle and carbonatite magmatic carbonates. Vein carbonates are associated 
with high temperature minerals such as hornblende, show no evidence of greenschist 
alteration and are interpreted to have formed at intermediate temperatures (~550-750°C). 
In contrast, low-temperature carbonates have pure calcitic end-member compositions, 
are generally disseminated or encrusting in morphology, and are associated with 
greenschist-facies minerals such as chlorite, clinozoisite and serpentine. The calcite-
dolomite geothermometer of Anovitz and Essene (1987) is consistent with the fluid 
inclusion data from the Stillwater Complex (Hanley et al. 2008) for the presence of trace 
but widespread, high temperature carbonate precipitation below the J-M Reef. This 
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study provides more information on the composition of the volatile fluid(s) that was 
involved in the formation of the PGE deposits of the Stillwater Complex and indicates 
that these fluids had the potential for PGE transport. These results may also have 
implications for similar deposits, such as the Bushveld Complex. 
5.2 Sulfides 
Sulfide assemblages throughout the sulfur-poor zones of the Stillwater Complex 
have been characterized. Overall, the sulfide proportions throughout the Stillwater 
stratigraphy define two broad cycles of mineral assemblages. The base of the complex 
(PZ) is very Pn-rich, grading upward into a Po-rich assemblage (BZ). This is superseded 
by assemblages dominated by pyrite and chalcopyrite (N-I and GN-I). Then, at the top 
of GN-I to second cycle starts with a region rich in Pn, but this time in association with 
Py rather than Po. OB-I and N-II are dominated by Po, and by GN-II the assemblage is 
once again Py-dominated. No samples are available for OB-II, AN-I or AN-II, but the 
samples from OB-III and OB-IV are generally Ccp-enriched in comparison with the 
underlying rocks.  
Although the general trends can be explained by either an orthomagmatic or a 
hydromagmatic model, the data appears to favor a hydromagmatic origin for the 
observed assemblages. Below the reef, the common association of multiphase sulfide 
aggregates with high-temperature carbonate minerals, the presence of sphalerite-bearing 
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veins and the rare occurrence of native copper in these assemblages indicate fluid 
interaction. The results of this study are consistent with the vapor refining model of 
Kanitpanyacharoen and Boudreau (2012) which envisions the exsolution of CO2 from the 
interstitial liquid at the base of the complex. This fluid then percolated upwards, 
collecting more soluble species such as Cl, H2O, CO2, S, Cu, Pt and Pd as it went. Upon 
encountering a zone of volatile-undersaturation, the fluid would redissolve, potentially 
causing local PGE-enriched sulfide-saturation. Volatile-saturation of the layer into which 
the fluid dissolved would cause the process to start again, causing an upwards-moving 
metal front.  
5.3 Future Work 
In situ isotopic C and O studies on the Stillwater carbonate minerals may help to 
elucidate whether the carbon is of primordial source or is crustally derived. If the carbon 
shows a crustal isotopic signature it may have also been introduced to the mantle source 
region by the same metasomatizing fluids that are interpreted to have provided the 
chlorine enrichment (e.g., Boudreau et al. 1997). 
It is also noted that there is a remarkable lack of experimental literature 
exploring the behavior of carbonic fluids and Cl-rich brines at magmatic temperatures 
and crustal pressures (<10kbar). A more thorough investigation into the miscibility 
properties of these fluids and the relative partitioning of noble, base and platinum-
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group elements between carbonic fluids, brines, sulfide liquids and silicate liquids 
would give a better understanding of the mechanisms that occurred in the latter stages 
of formation of the Stillwater Complex.  
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Appendix A: Sample descriptions 
Table 3: Sample descriptions including stratigraphic height, zone, rock type, location, latitude and 
longitude. 
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Appendix B: Sulfide assemblages by stratigraphic zone 
 
Figure 31: Type sulfide assemblages from the Peridotite Zone. Abbreviations: Ccp chalcopyrite; Po 
pyrrhotite; Mt magnetite; Ol olivine; Cpx clinopyroxene; Opx orthopyroxene; Bt biotite. 
 156 
 
 
Figure 32: Type sulfide assemblages from the Bronzitite Zone. Abbreviations: Ccp chalcopyrite; Po 
pyrrhotite; Pn pentlandite; Py pyrite; Mt magnetite; Pl plagioclase; Qz quartz; Cpx clinopyroxene; Opx 
orthopyroxene; Cal calcite. 
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Figure 33: Type sulfides from Norite Zone I. Abbreviations: Ccp chalcopyrite; Po pyrrhotite; Pn 
pentlandite; Py pyrite; Mt magnetite; Pl plagioclase; Qz quartz; Cpx clinopyroxene; Opx orthopyroxene. 
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Figure 34: Type sulfides from Gabbronorite Zone I. Abbreviations: Ccp chalcopyrite; Po pyrrhotite; Pn 
pentlandite; Py pyrite; Mt magnetite; Pl plagioclase; Qz quartz; Cpx clinopyroxene; Opx orthopyroxene. 
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Figure 35: Type sulfide assemblages from Olivine-Bearing Zone I. Abbreviations: Ccp chalcopyrite; Po 
pyrrhotite; Pn pentlandite; Py pyrite; Mt magnetite; Pl plagioclase; Cpx clinopyroxene; Opx 
orthopyroxene. 
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Figure 36: Type sulfide assemblages from Norite Zone II. Abbreviations: Ccp chalcopyrite; Po pyrrhotite; 
Pn pentlandite; Py pyrite; Mt magnetite; Pl plagioclase; Qz quartz; Cpx clinopyroxene; Opx 
orthopyroxene; Cal calcite. 
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Figure 37: Type sulfide assemblages from Gabbronorite Zone II. Abbreviations: Ccp chalcopyrite; Po 
pyrrhotite; Pn pentlandite; Py pyrite; CuFe delafossite; Mt magnetite; Pl plagioclase; Qz quartz; Cpx 
clinopyroxene; Opx orthopyroxene. 
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Figure 38: Type sulfide assemblages from Gabbronorite Zone III. Abbreviations: Py pyrite; Mt magnetite; 
Pl plagioclase; Ab albite; Qz quartz. 
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Appendix C: Carbonate compositional data 
Table 4: Carbonate compositional data as analyzed by WDS 
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Appendix D: Pyroxene compositional data 
Table 5: Pyroxene compositional data as analyzed by WDS 
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Appendix E: Parameters for PALLADIUM model run 
Table 6: Parameters for PALLADIUM model run.  All concentrations are in weight fraction, except as 
noted. 
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